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This thesis presents a combination of numerical and experimental 
studies performed to assess the influence of the warm prestress effect 
on the cleavage fracture toughness of two ferritic pressure vessel 
steels. The aims of the research are to gain a detailed knowledge of 
the materials low temperature response under uniaxial and fracture 
conditions; to examine, using the finite element method, crack tip 
stress fields during warm prestress LUCF load cycles; and provide a 
clear and consistent method of classifying the warm prestress effect. 
An experimental programme investigated the room temperature and 
low temperature response of two candidate steels, A533B and 
BS1501. These steels were tested uniaxially under monotonic and 
cyclic conditions, and in the cracked condition in the as-received and 
warm prestressed conditions. Application of a three parameter 
statistical model to the experimental data showed that the distribution 
of data in the as received and warm prestressed conditions can be 
described accurately. The shift in the cleavage toughness distribution 
following warm prestressing was predicted by combining the statistical 
model with a validated analytical model of the warm prestress effect. 
Repeated proof loading was shown to increase cleavage toughness in 
A533B steel, providing the loading was load controlled. There were 
negligible effects of repeated proof loading on BS1501 steel. Some 
further enhancement of cleavage fracture toughness was observed 
when sub critical crack extension was introduced following warm 
prestressing, although the results were highly scattered. 
The finite element method was employed to simulate experimental 
fracture events. It was found from these simulations that fracture 
occurs following warm prestressing, when the reloaded crack tip 
stress distribution matches the as-received fracture crack tip stress 
distribution. The stress matching was observed to occur well into the 
elastic stress field ahead of the crack tip. This fracture criterion was 
employed to provide predictions of cleavage toughness following 
varying applied preload levels. The results were compared to 
experimental data sets and various analytical models. The Chell 
model of the warm prestress effect was observed to provide the best 
agreement with the finite element predictions. Crack tip blunting 
during the preload steps was found to have no influence on the 
predictions of cleavage fracture toughness. Differences in hardening 
response of the material was also shown to have little influence of the 
predictions of cleavage toughness. Simulations incorporating sub 
critical crack extension prior to reloading to fracture demonstrated that 
cleavage 'toughness can be enhanced further by limited crack 
extension. Large increments of crack growth were shown to reduce 
the warm prestress effect. The finite element predictions were 
validated against the appropriate analytical solution proposed by Chell 
and experimental results. 
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Chapter 1. Introduction 
CHAPTER 1 
INTRODUCTION 
During the early industrial period, all machinery was driven by pressurised 
steam plant. Fabrication quality of these early steam pressure vessels was 
generally low, there being little knowledge of material strength" and 
experience of the required methods of fabrication. This resulted in regular 
boiler failures, many catastrophic in nature, with loss of human life a common 
occurrence. The number and nature of the failures quickly became an 
important issue as they were expensive in terms of cost and human lives. 
Regional Steam Users Associations formulated vessel proving procedures 
which became mandatory for insurance purposes. This was reinforced by an 
act of Parliament, requiring that all pressure vessels have their fitness for 
purpose demonstrated by way of an overpressure test. The implementation 
of the proof test resulted in a great reduction in vessel failures over a period 
where technology was advancing and the vessels were being subjected to 
increasingly more arduous operating conditions. The proof test became the 
accepted route for verifying a vessels fitness for purpose in the industrialised 
nations and involved loading the vessel to approximately 1.5 times the 
operating load. This inferred that the vessel had a considerable margin of 
safety at its operating condition, providing the proof test load was similar in 
nature to the operating loading conditions. 
The advent of the fracture mechanics technique of classifying defects and 
flaws allowed the proof test to be used to estimate a maximum critical defect 
size that could have just survived the over pressure test. Then the window of 
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crack sizes between the maximum defect size at the operating load and the 
proof test defect can be determined. The fatigue life of the vessel can then be 
estimated based on operating pressures and pressure cycling data. This 
methodology is implemented in assessment procedures such as the Nuclear 
Electric R6 procedure (Milne et at, 1984) and the British Standards Institution 
PD 6493: 1991 procedure. These procedures are usually used in conjunction 
with Non. Destructive Testing (NDT) results to classify defects in critical 
regions. Generally, these assessment procedures do not take the cumulative 
effects of regular proof testing into account. 
A large amount of research was performed into characterising proof loading 
effects with the aid of fracture mechanics in the late 1960's. This research 
was exclusively experimental, the use of computational methods being 
prohibitively expensive at this time. Different load histories and materials 
examined led to a large amount of widely scattered data being accumulated, 
with no concise method for collating all the results. The different studies led 
to the various authors formulating differing conclusions as to the controlling 
factors in the effects of proof loading on the fracture response of the 
materials. The experimental studies showed that, in general, if the proof test 
was applied in the same direction as the operating stresses, then the 
resistance of the component to fracture could be increased. Several studies 
also demonstrated that the resistance to fracture was reduced by proof 
loading the component in a direction opposite in sense to the operating 
stresses. 
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More recent research in the late 1970's and early 1980's saw the 
development of analytical models using fracture mechanics approaches to 
model the effects of proof loading on the fracture behaviour of vessels. These 
models required a large amount of knowledge of the material properties and 
defect sizes to characterise the effects of the proof test. Subsequently, the 
comparisons of the predictive models with the available predictive models was 
limited to modelling general trends in behaviour. Since these models were 
presented, few advances have been made in characterising proof loading 
effects, although several large experimental programs have been performed. 
The importance of the statistical nature of the problem was not fully 
investigated and therefore the results of those studies were less conclusive 
than they may have been. 
The aims of the work detailed in this thesis were threefold, formulated to 
address the issues of scatter, controlling features, such as crack tip blunting 
or residual stresses, and the method of characterising the effects. 
Specifically, these aims were: 
1. To use experimental methods to determine the low temperature 
deformation and fracture response of cracked specimens for single and 
repeated proof loading. 
2. To examine, using the finite element method, the influence of proof loading 
and subsequent low temperature loading on the near crack tip stress and 
strain fields. 
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3. To develop a fracture mechanics based model to simulate the influence 
and evaluate the importance of proof loading and subsequent low 
temperature fracture on the integrity of a component. 
This thesis uses these three main aims as its framework. Following the 
literature review presented in the next Chapter, Chapters 3 and 4 detajl the 
experimental methods and results. Two different materials were examined 
under similar loading conditions, using a standard approach, to generate 
sufficient data to examine the effects of proof loading using a statistical 
approach. Chapter 5 investigates the proof loading technique using the finite 
element method and presents results of simulations of experimental fracture 
events following proof loading. The results of predictions based on the 
findings of the experimental simulations are also presented. 
Chapter 6 analyses the results of the various studies, examining the 
experimental results of this and previous studies using statistical methods. 
The results of the finite element simulations are used to examine the existing 
analytical models of proof loading effects. The analytical approaches are 
combined with the statistical methods to provide a method for incorporating 
proof loading effects on fracture toughness into current defect assessment 
procedures. Chapter 7 forms the main discussion of the thesis, examining all 
the available data in conjunction with results presented in earlier chapters. 
Chapter 8 presents the conclusions and an outline for future work that will 
enhance the work presented within this thesis. 
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CHAPTER 2. 
LITERATURE REVIEW OF WARM 




The concepts of proof loading and warm prestressing are reviewed, 
from the initial motivation for proof loading to the recognition of 
beneficial effects arising from proof loading. The use of the 
techniques in industry are described and idealised as three discrete 
load histories. Experimental evidence for the benefits of proof 
loading and warm prestressing are presented and the effects of 
possible in service damage mechanisms on the beneficial effects of 
these cycles assessed. Currently available, fracture mechanics 
based, predictive models are described in detail and then 
compared to the experimental evidence. 
2.1 INTRODUCTION 
Proof loading is a technique used to verify the structural integrity of a 
component or structure. This technique has been applied to many structures 
ranging from bridges to' pressure vessels and pipelines. The aspects of proof 
loading investigated within this thesis are related to pressure vessel 
technology and therefore the review will be limited to this area. 
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Proof loading has been employed as a strength test since pressure vessels 
were first used in industry circa 1850 (Harrop, 1983). The only motivation for 
performing this procedure (which involves loading the vessel to levels 
exceeding the service load) during this initial period was to prove that the 
vessel could withstand sustained loading at the operating condition. Early 
operators were reluctant to perform the strength test, as pressure vepsels 
were generally of low quality. It would prove extremely expensive should a 
boiler fail before it had entered service. The procedure was also fraught with 
technical problems and therefore many vessels were left untested. As 
pressure vessel technology developed, and operating conditions became 
more demanding, operators found that obtaining insurance was difficult 
without demonstrating that the vessel in question was strong enough for its' 
appropriate use. Insurance companies developed their own proof testing 
procedures and these varied from organisation to organisation. Harrop 
(1983) in reviewing the early failure rates of pressure vessels, found that only 
about twenty percent of the vessels in service in the late nineteenth century 
were insured and therefore regularly inspected. During 1879 one insurance 
company recorded forty six explosions resulting in forty one deaths. None of 
these vessels were insured by that particular company. The following year an 
estimate of the uninsured vessel failure rate was one in three thousand 
vessels. The failure rate of insured vessels was one in twenty thousand. The 
government of the day considered the high vessel failure and human mortality 
rates too high and passed the Boiler Explosion Act in 1882 which markedly 
increased the number of vessels required to be inspected. The passing of 
this act halved the vessel failure rate from 5.10-4 per boiler year in 1881 to 
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2.10-4 in 1882. The success of the proof testing technique was evident from 
the figures, and it is interesting to note that the failure rate dropped even 
during this period of rapid increases in operating pressures and temperatures. 
During this period, operators were forming associations, to rationalise design 
and manufacturing techniques. Effective safety assessments were virtually 
impossible at this time as engineers had little knowledge of stress analysis 
and the strength of components. Design was based on experience and the 
early assessment techniques were largely empirical. 
Proof testing became accepted as a final part of the manufacturing process 
and therefore engineering organisations set about standardising the proof 
testing technique further. Such industry bodies, such as the American 
Society for Mechanical Engineers (ASME) formed the Boiler and Pressure 
Vessel Committee in 1911, who's procedures are now the American National 
Standard. Similar organisations formed in Europe, with the Manchester 
Steam Users association in the 1850's and the Technischer Uberwachungs- 
Verien (TÜV) in West Germany in 1872, when boiler inspection became a 
generally accepted procedure. 
In Britain, the current proof testing procedure is set down in BS5500. 
According to this standard, a hydrostatic pressure test must be used to 
demonstrate, as far as possible, the structural integrity of the pressure vessel. 
The test pressure must exceed the design operating pressure by at least 
twenty five percent and by as much as fifty percent. This is achieved via 
hydraulic pressurisation at water temperatures in the range of 7 to 20°C. 
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Care must be taken to ensure that the water does not freeze in the narrower 
sections of the vessel. Specific cases may be tested to lower pressures if it is 
considered that significant yielding of any component could occur at the 
higher pressures. 
Towards the end of the nineteenth century the importance of sharp cracks 
and discontinuities (stress concentrations) was realised, and failures due to 
crack growth mechanisms such as fatigue and stress corrosion cracking were 
observed as early as 1917 (British Engine Insurance, 1978). 
These types of failure were increasingly evident in other industrial 
components and during the winter of 1942-43 a large number of mass 
manufactured merchant ships experienced severe failures at welds 
(Anderson, 1992). Such failures were classified as brittle failures and 
extensive investigations found that other welded structures such as pressure 
vessels, penstocks and pipelines failed via the same mechanism. This 
prompted research into the effect of sharp defects on the strength of 
structures containing such flaws and lead to the development of fracture 
mechanics techniques. These methods were advanced rapidly in the 1950's 
and now form the central feature of the safety assessment procedures used 
for pressure vessels (BSI PD6493,1991). 
Burdekin (1982) reviewed the role of proof loading and the use of fracture 
mechanics techniques in the safety assessment of pressure vessels. The 
design codes available at the time provided little advice to assess the 
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likelihood of brittle fracture occurring in a component. A designer was merely 
cautioned to select a material of 'adequate' toughness for the range of 
operating conditions expected during service. 
The use of the hydrostatic test in identifying poorly manufactured and unsafe 
pressure vessels were highlighted by Burdekin (1982), who described sgveral 
failures of pressure vessels during proof testing. The vessels were 
considered to have received sub-standard post weld heat treatments which 
caused cracking in the weld and the surrounding areas. 
The resistance of a material to failure induced by crack like defects is known 
as fracture toughness. Consequently, the effects of proof loading on a 
components structural integrity is measured in terms of the fracture toughness 
of the material, which is accepted as a material property. Burdekin (1982) 
suggested that fracture mechanics techniques provide a means of quantifying 
the combination of crack length, applied loading and material properties which 
cause fracture. The parameters used to describe the magnitude of the stress 
field near to the crack tip are, K, applied stress intensity factor, the J- integral 
and also crack tip opening displacement, 9 When these parameters reach 
critical values, K,, Jac and 51, failure occurs and the values are treated as 
material properties and termed toughness. These parameters will be 
developed in the following sections. (More in depth descriptions can be found 
in dedicated texts to which the reader is referred (Anderson, 1992)). 
A similar approach to proof loading is that of warm prestressing, which aims 
to introduce favourable compressive residual stresses in the region of an 
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assumed crack tip. These residual stresses need to be overcome before 
fracture can occur, and therefore via the increased load bearing capacity of 
the component, the effective cleavage fracture toughness of the component 
can be raised. Other influencing factors such as a reduction in the acuity of a 
crack (blunting of the crack tip) and the work hardening of the material in the 
region of the crack tip were considered by Nichols (1968) to increase the, load 
bearing cppacity of a cracked component. One could speculate that if a prior 
warm prestress cycle been applied to the structures described by Burdekin Ii 
(1982) prior to proof testing, the failures during proof testing may have been 
avoided. 
The proof test therefore was developed to assess a components strength at 
or above it's operating condition. No consideration was initially given to the 
effects of the overload cycle on the subsequent behaviour. Later studies 
(Harrison and Fearnehough, 1972, Nichols, 1982) showed that an increase in 
the components resistance to brittle fracture occurred following the high 
temperature overload if the material became embrittled over a period of time, 
or if operated at a temperature on or below the ductile / brittle transition of a 
ferritic steel. This effect is known as the warm prestress effect. 
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2.2 OVERLOADING EFFECTS ON UNNOTCHED COMPONENTS. 
One of the effects of overloading a component is recognised to be the 
mechanical relief of residual stresses, generated in the structure during 
fabrication (Nichols, 1968). Manufacturing process such as welding and hot 
forming cause residual stresses to develop as the material contracts during 
cooling. The use of mechanical stress relief was reviewed by Smith and 
Garwood (1990a) in an overview of warm prestressing studies. Figure 2.1 
shows that by applying an overload of magnitude o, to a material of yield 
strength o,, the final residual stress o, is given by 
ßr=ßy - aa (2.1) 
Leggatt and Davey (1987) and Smith and Garwood (1990a) collated 
experimental data and found that a simple linear - elastic / perfectly - plastic 
material model led this relationship to overestimate reduction in residual 
stress. Leggatt and Davey suggested that the applied overload would be only 
partially effective as distortions caused by the cooling process reduced the 
effectiveness. The effects of the local geometry on the relief of the residual 
stresses can expressed by introducing an elastic stress concentration factor 
(SCF) 
ßr = (Ty -SCFc (2.2) 
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where aPr is the applied stress transverse to the weld during proof testing. In 
this situation, the elastic stress concentration factor may not be known. 
However, Leggat and Davey (1987) measured values of 0.7 to 1.78. As the 
stress concentration approaches unity, then equation (2.2) tends towards 
equation (2.1). Nichols (1968) in reviewing the effects of overloading on the 
residual stress state of welded components, states that the higher the -proof 
stress, the more complete the mechanical relief of the residual stresses will 
be as more extensive yielding will take place on proof testing. A conservative 
estimate of the total stress, mot , under a service stress also transverse to the 
weld, SST, was given by Leggatt and Davey (1987): 
aror = ay -SCF(aPr -asr) (2.3) 
The expression within the brackets in equation (2.3) will always be positive 
since a prime requirement of the proof test is that it's magnitude exceeds that 
of the service stresses. Therefore the total stress must be less than the yield 
stress, regardless of the value of the stress concentration factor. The study 
by Leggatt and Davey (1987) also highlighted the importance of measuring 
residual stresses locally as well as across the global structure. Smith and 
Garwood (1990a) observed that residual stress measurements taken globally 
provided lower peak stresses than those measured locally to the defect or 
weld. Based on experimental results equation (2.2) can be seen in Figure 2.2 
to provide more conservative assessments of the peak residual stresses than 
equation (2.1). 
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The mechanical stress relief brought about by proof loading is regarded by 
Nichols (1968) to be of primary importance in the motivation for proof loading 
a component, especially where thermal stress relief methods may not be 
easily performed. A drawback of proof loading to stress relieve a component 
is that while it may increase the load bearing capacity, the ductility will not be 
altered as in thermal stress relief. .1 
2.3 PROOF TESTING AND WARM PRESTRESSING OF CRACKED 
COMPONENTS. 
Yukawa (1969) described the effects of proof testing by detailing a pressure 
vessels' resistance to different sized flaws at different pressures and 
temperatures, Figure 2.3. The vessel is constructed from a ferritic steel, 
where the fracture resistance exhibits a strong temperature dependence as 
shown in Figure 2.3. The vessels design operating conditions are 
temperature T2 and pressure P,. If the vessel is overloaded to pressure P2, 
which is approximately 1.25 to 1.5 P,, at temperature T, and does not fracture 
or show significant deformation, then it can be inferred that the structure does 
not contain any 'large' defects. At the operating conditions, there is now 
known to be a considerable margin of safety, and that excursions to 
pressures up to the proof test can be withstood. A maximum possible flaw 
size at critical sections can be evaluated from this pressure test, and 
subsequent safety analyses would be based on this postulated largest flaw. 
Proof testing at the operating temperature would also illustrate it's safety, but 
the maximum estimated flaw size could be larger than actually exists. 
However, the risks associated with overloading a structure at temperatures 
where the risk of brittle fracture is high do not justify the associated reduction 
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of uncertainty in flaw size. Therefore, proof testing is not usually performed at 
temperatures lower than the operating conditions. 
Warm prestressing is similar in application to proof testing, but the motivation 
to perform the cycle is much different. Warm prestressing is used to enhance 
a component's resistance to fracture by modifying the stress field ahead, of a 
postulated crack tip. An inherent assumption of the process is that a 
significant flaw exists. Consider the critical pressure distribution for a large 
flaw in Figure 2.3. By applying an overload to pressure P2 at temperature T3, 
where the risk of brittle fracture is low, the basic premise of warm prestressing 
is that fracture cannot occur at T, or T2 until pressure P2 has been exceeded. 
An important feature in the application of both proof loading and warm 
prestress load cycles is that they should act in the same sense as the 
operating stress (Nichols, 1968). If the applied stress during preload were 
opposite in sense to the service stress, the residual stresses will act in the 
same sense as the operating stress and the total service stress would be 
higher than the actual applied service stress. This would thereby increase the 
risk of fracture at the operating condition. If the proof stress is performed at 
higher temperatures than the operating temperature, then this will also 
constitute a warm prestress cycle. 
In order for a warm prestress benefit to be conferred on the pressure vessel, 
the yield properties of the material are required to increase following 
unloading from the prestress. The increase in yield strength associated with 
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embrittlement through temperature (or other mechanisms described in later 
sections) prevents further yielding taking place until additional loads higher 
than the prestress have been applied (Harrison and Fearnehough, 1972). 
Warm prestressing effects may be imparted to a structure due to accidental 
thermal cycles. One such scenario is a Loss Of Coolant Accident (LOG/) in 
Pressurised Water Reactors (PWR) described by Harrop (1979) . The reactor 
vessel operating temperature increases beyond it's design level. While 
maintained at load, yielding will occur as the material has now a lower yield 
stress. When coolant is restored the vessel will return to operating conditions, 
sometimes with severe thermal shock. The vessel, if not damaged by the 
overload at high temperature, will have had it's integrity improved and any 
defects that have evolved since the last proof test will have been subjected to 
a warm prestress, providing the prestress acts in the same sense as the 
operating stress. As mentioned previously, a proof load at temperatures 
where the material flow properties are low with subsequent operation at lower 
temperatures constitutes a warm prestress. The mechanism by which the 
material may become embrittled is not necessarily a temperature change. 
Neutron embrittlement, strain ageing and hydrogen embrittlement are all 
acknowledged mechanisms that increase the yield strength and decrease the 
ductility of ferritic steels (Yukawa, 1969). 
2.4 EFFECT OF WARM PRESTRESSING ON CRACK TIP CONDITIONS. 
2.4.1 Load History Idealisation. 
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To describe the effects of complex loading histories, some idealisation of the 
actual cycles is required. There are three different load cycles that have been 
considered in the past to define the limiting bounds of warm prestressing 
(Andrews, 1970). These are shown in Figure 2.4 and discussed below. 
(i) Load - Cool - Fracture (LCF). The specimen is loaded to the proof test 
level, cooled to the test condition and then fractured. 
(ii) Load - Cool - Unload - Fracture (LCUF). The specimen is loaded to the 
proof stress level, cooled to the test temperature and unloaded. The 
specimen is then reloaded to fracture. 
(iii) Load - Unload - Cool - Fracture (LUCF). The specimen is loaded and 
unloaded at high temperature then cooled to the test temperature. The 
specimen is then reloaded to fracture. 
In service, the choice of prestress history would be dependent on the 
operating conditions of the vessel, difficulties associated with the application 
of the proof load, and cost. The LUCF cycle is the most common laboratory 
cycle applied (Smith and Garwood, 1990a) as it represents an idealisation of 
the proof test load cycle and the warm prestress cycle of a vessel that has 
been proof tested and then subjected to lower temperature or had become 
embrittled. 
2.4.2 Experimental Evidence for the Warm Prestress Phenomenon. 
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Over the last three decades there has been a considerable number of 
experimental studies performed with the intent of identifying the causes and 
effects of warm prestressing, such as those by Brothers and Yukawa (1963) 
on Ni-Mo-V steel, Andrews (1970) on A508 steel, Loss, Gray and Hawthorne 
(1978) on A533B, Smith and Garwood (1990b) on A533B and Reed and 
Knott (1992) on A533B weld metal. Periodic reviews of warm prestressing 
such as those of Nichols (1968), Pickles and Cowan (1983) and Smith and 
Garwood (1990a) have collated and discussed many data sets. Several of 
those sets previously reviewed, plus work published since the last critical 
review in 1990 by Smith and Garwood, will be discussed here. 
2.4.3 Effects of Notches on the Influence of Prestrain. 
Steigerwald (1961) investigated the effects of notches on the influence of 
prestraining. By uniformly prestraining bars and then machining notches in, 
and comparing the results to prestrained notched bars, the work hardening 
effects discussed by Nichols (1968) could be isolated. Steigerwald (1961) 
found that prestraining only influences the behaviour of the specimen if the 
notch was present during prestraining. Further corroborative results as to the 
importance of residual stresses were obtained from experiments where the 
prestrain temperature was increased: the specimens prestrained at higher 
temperatures were observed to have lower subsequent cleavage toughness. 
This was attributed to the residual stresses being limited by a low yield stress 
value at the higher temperature. Steigerwald (1961) states that the most 
effective prestrains were those applied at the lowest temperature possible 
and to the maximum level possible. 
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2.4.4 Effect of Applied Load Cycle. 
Andrews (1970) studied the effects of different loading histories on the 
fracture behaviour of A508 steel. The specimens were heat treated to four 
different conditions in order to simulate the various interior locations in water 
quenched thick walled forgings. The three cycles described above were 
applied to three point bend bars and the results compared to specimens 
tested in the non prestressed conditions. The results, normalised by the 
cleavage fracture toughness in the non-prestressed condition, can be seen in 
Figure 2.5. The LCF cycle is shown to increase the load bearing capacity 
(and hence effective cleavage fracture toughness) by the largest degree, with 
LCUF results being bounded by the LUCF and LCF cases. The LUCF cycle 
was shown to provide the lowest benefit in terms of increased load bearing 
capacity with respect to applied preload level. Brothers and Yukawa (1963), 
who examined the LUCF cycle only, illustrated that there was a point beyond 
which the fracture strength no longer increased in proportion to the prestress 
level, as seen in the LCF case by Andrews (1970). This prestress level was 
identified as that at which tearing was induced. In their review, Smith and 
Garwood (1990a) showed by compiling all the available data that this limit in 
benefit for increased prestress levels was consistent throughout all the 
studies. In order to describe the effects more fully Harrison and Fearnehough 
(1972) considered the stress / strain response of the material in the region of 
the crack tip. This theory is illustrated in Figure 2.6 and described below. 
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A specimen that was fractured at lower shelf temperatures has a fracture 
stress vf, and yield strength aye. The specimen is loaded to fracture at this 
temperature via path ABC. The material yields by a small degree and then 
fractures at ßf. At the prestress temperature, T,, the material has yield 
strength ay,. 
it 
If the specimen is subjected to an LCF cycle, with the prestressing occurring 
at T,, then the material follows path ABD on initial loading. The specimen is 
then held at this load level while cooled to the fracture temperature, T2 and 
then loaded to fracture. The overall loading path is therefore ABDF. As it can 
be seen, additional load is required to cause the required additional plasticity 
before the fracture stress is reached. This is due to the state of stress 
equilibrium developed by the elastic-plastic processes at the prestraining 
temperature. This equilibrium persists at the lower temperature until further 
load is applied and additional plasticity can occur (Cottrell, 1987). In many 
cases, Andrews (1970) found that only a small increase in applied load is 
needed to cause fracture. Therefore, the material, provided that it has been 
prestressed to a stress intensity factor higher than it's as-received plane strain 
fracture toughness at low temperature, will have had its fracture toughness 
increased by this load cycle. 
Consider the LUCF cycle shown in Figure 2.6 (the cycle that confers the 
lowest increase in toughness). The initial loading path is, say, ABD. The 
structure is then unloaded to zero load, path DE, and the material being 
examined is forced into compression, unloading elastically. 
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On reloading to fracture, the material reloads via path EDF. Fracture cannot 
occur until the fracture stress is reached at F below the notch. Since the 
general load applied is roughly proportional to the local strain, a load in 
excess of the preload must be applied before the local fracture stress can be 
reached. However, if the preload strains are high, say path ABG, then on 
unloading, the bulk material forces the local material into compression and 
subsequent reversed plastic flow takes place, path GHJ. The total load - 
unload path is ABGHJ and the magnitude of the residual stress is limited by 
the value of the compressive yield stress. On reloading to fracture the 
material reloads along path JK. It can be seen that although the load to 
cause fracture in this case is greater than the load to cause fracture when the 
unloading was purely elastic, the relative increase in comparison to the 
preload level is much less. This provides an explanation for the reduction in 
benefit relative to the applied preload seen by the experimental investigations 
of the warm prestress effect. 
The phenomenon described for the LUCF case also holds for the LCUF case, 
except that larger returns on prestress will be expected. On unloading, the 
materials yield strength is increased and therefore less reversed plastic flow 
occurs for a given load when compared to the LUCF cycle. The above 
descriptions do not consider the Bauschinger effect. The Bauschinger effect 
(Bauschinger, 1886) is a phenomenon where a materials yield strength in 
compression is reduced from the virgin level if the material has been 
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prestrained in tension. If a material exhibits a strong Bauschinger effect, 
then this would encourage more reversed yielding to occur. 
2.4.5 Effect of Compressive Preload Cycles. 
Harris et al (1986) investigated the effects of compressive preloading on 
subsequent cleavage fracture toughness on A508 specimens subjected to 
four point bending. Compressive prestressing was found to reduce the load 
bearing capacity below the as-received value and the authors suggest that 
this reduction was due to tensile residual stresses being introduced on 
unloading. Therefore, a reduced applied tensile stress would be required for 
the total stress to reach the critical cleavage fracture stress. Nakamura and 
Tsuya (1977) also performed compressive preloading studies on structural 
steel four point bend fracture specimens. Figure 2.7 contrasts data from 
Harris et al (1986) with those of Nakamura and Tsuya (1977). The results are 
normalised by the non-prestressed fracture loads. Compressive prestraining 
is shown by both investigations to be detrimental. However, Harris et al 
(1986) observed a more pronounced drop in load bearing capacity than 
Nakamura and Tsuya (1977) for the compressive prestrains. Reed and Knott 
(1996) also found that compressive prestress cycles decreased the 
subsequent fracture load in blunt notched specimens. By normalising the 
fracture load by the calculated collapse load of the specimen, Reed and Knott 
(1996a) categorised their results in terms of the percentage of general 
yielding or collapse load fraction at which fracture occurred. Reed and Knott 
(1996a) demonstrated that the decrease observed in subsequent percent 
change of collapse load fraction at fracture after a compressive LUCF cycle 
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was greater than the increase observed in collapse load fraction at fracture 
following a tensile LUCF cycle. 
The usefulness of the LCF and LCUF cycles in practical applications are 
limited and in general the LUCF cycle is applied when proof testing 
components. The LCF cycle does however illustrate the influence ofprior 
plasticity on the toughness. Harrison and Fearnehough (1970) compared the 
fracture stress distribution of a virgin specimen at low temperature with the 
stress distribution developed on preloading at high temperature to a higher 
stress intensity factor than the K,, value. On testing at low temperature, the 
specimen requires additional loading before the critical fracture stress is 
reached. 
Harrison and Fearnehough (1970) suggested from LCF results that the 
benefit was not associated with the introduction of residual compressive 
stresses. They explained that the benefit from the LCF was likely to be 
caused by the formation of large plastic zones at the crack tip which modified 
the stress distribution at fracture as compared with a virgin specimen. The 
decreased return in the increase in cleavage toughness for increasing 
preload following an LUCF cycle was attributed to reversed plastic flow, 
generated on unloading. Harrison and Fearnehough (1970) concluded from 
this that reversed plastic deformation reduces the degree of enhancement in 
cleavage toughness with increased preload. Reed and Knott (1996a ) found 
that by overloading uncracked tensile specimens, the effects, of warm 
prestressing on a materials' yield stress and fracture stress could be 
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evaluated. The materials' yield strength was observed to increase with 
increasing preload, however no difference was observed between the LUCF 
and LCF results. They found that the nominal fracture stress at -196°C of an 
A533B weld metal was significantly reduced by high levels of prestrain 
following LUCF and LCF cycles. Reed and Knott (1996a) concluded that this 
may counteract the increase in fracture toughness brought about by the 
residual stresses generated by the warm prestress cycle. The plastic strain 
imposed during a preloading event was therefore considered to be 
deleterious to the warm prestress effect. 
2.4.6 Influence of Thermal Stress Relief and Strain Ageing on the Warm 
Prestress Effect. 
The degree by which the near crack tip residual stress influences the warm 
prestress effect has been investigated by thermally stress relieving specimens 
that have been warm prestressed. Stress relief makes use of the fact that the 
yield stress of a material decreases as the temperature is raised. If a welded 
joint is heated to, say, 600°C, the residual tensile stress, which was 
equivalent to the yield stress at room temperature is in excess of the yield 
stress of the metal at 600°C. Localised plastic deformation occurs and the 
tensile residual stresses are reduced. At the same time, the compressive 
residual stresses which were in equilibrium with the tensile stresses are also 
reduced, to restore the equilibrium. In stress relieving practice, the 
temperature is raised until the yield stress has fallen to a low value at which 
residual stresses can no longer be supported. This clearly depends on the 
metal being treated since the relationship between yield stress and 
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temperature is critically influenced by alloy content. BS5500 (1985) 
recommends stress relief temperatures for a range of pressure vessel steels. 
Succop et al (1970), Beremin (1977), Nakamura et al (1981) and Reed and 
Knott (1992) all indicate that a reduction in cleavage fracture toughness 
following thermal stress relief compared to warm prestressed, non-$, tress 
relieved specimens. Succop et al (1970) examined A516 and A533B steels, 
Beremin examined A508 steel and Nakamura et al examined A533B steel. 
Reed and Knott studied A533B weld metal. Following stress relief, Reed and 
Knott (1992) show a total loss of benefit and the toughness equal to the as- 
received cleavage fracture toughness following six hours exposure, whereas 
Beremin (1977), Succop et at (1970) and Nakamura et at (1981) show a 
partial reduction in benefit. The stress relief temperatures were between 
593°C and 650°C for these studies and the exposure times ranged from 1.5 
hours to 8 hours. Sugino, Pense and Stout (1979) studied a range of steels 
(A533B, A508, A516 and A515 steels) and found that the effect of stress 
relief was dependant on the specific steel. It was noted that A533B and A508 
steels showed a slight increase in toughness following stress relief treatment 
performed after straining precracked compact tension specimens (Sugino et 
at, 1979). Therefore, it appears that near crack tip residual stresses provide a 
major contribution to the warm prestress effect following an LUCF cycle. 
Concern for the effect of prolonged exposure of pressure vessels to 
temperatures which may cause ageing prompted investigations into the effect 
of strain ageing on the stability of the warm prestress effect. Strain ageing is 
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a type of behaviour in which the strength of a metal is increased and the 
ductility is decreased on heating at a relatively low temperature (200°C) after 
prestraining. Pense et al (1960), Yukawa (1969), Harrison and Fearnehough 
(1970) and Satoh, Toyoda and Mutoh (1983) performed investigations in to 
the effect of strain ageing on the warm prestress effect. The results of these 
studies depended on the ageing temperature, duration of exposurq, and 
different material. Yukawa (1969) found that for A302B and A533B steels 
mild strain ageing may be experienced for temperatures between 200 and 
370°C. Pense et al (1960) observed only a small shift in the transition 
temperature of A302B steel these higher temperatures. Strain ageing studies 
by Yukawa (1969) found that prestressing at temperatures where strain 
ageing has been observed was more deleterious on the warm prestress effect 
than strain ageing after a preload at room temperature. Satoh et al (1983) 
found that specimens prestrained at higher temperatures and those strain 
aged were subject to the initiation of cleavage cracking at temperatures 
higher than those in the as-received condition. A significant reduction in 
cleavage toughness was also observed for those specimens prestressed 
compared to the as-received specimens. Ductile crack initiation was found to 
occur at lower deformation levels than the as-received material. Sugino et al 
(1979) found that stress relief following strain ageing had no effect on the 
toughness of A533B steel. Succop et al (1970) found that the combination of 
uniform prestrain and ageing reduced the as-received fracture toughness of 
A516 steel. When strain ageing followed warm prestress cycles of low level, 
the toughness was reduced further. Following higher level warm prestress 
cycles, the effect of ageing and stress relief was not so large as to reduce the 
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toughness to as-received levels. Overall, warm prestress effects are 
diminished following strain ageing as shown in Figure 2.8 
2.4.7 Influence of Crack Tip Blunting on the Warm Prestress Effect. 
The complete removal of the warm prestress effect by thermal stress relief 
found by Reed and Knott (1992) suggests that crack tip blunting is not as 
significant a factor as suggested by Nichols (1968) and Sugino et al (1979) 
where the reduction of the severity of the crack tip was credited with 45% of 
the warm prestress benefit. Studies by Harris et al (1980) on blunt notched 
specimens also suggest little effect from crack tip blunting. By examining 
blunt notched specimens, where the percentage change in notch radius 
during prestressing will be small, the relative influence of blunting was 
evaluated. Harris et al (1980) conclude that as the same warm prestress 
effect was conferred in blunt notched specimens as in sharp notched 
specimens and therefore blunting played a minor role. Reed and Knott 
(1992) presented evidence that a microcrack blunting mechanism may have 
an influence on the warm prestress effect. They observed that the cleavage 
failure event was initiated by 'small' inclusions rather than 'large' inclusions in 
the same locality. These 'large' inclusions were observed to be de-cohered 
(micro-cracks had formed) from the surrounding ferrite matrix. The micro- 
cracks had not propagated into the matrix, i. e., the cracks had blunted out. 
Pokrovsky et al (1992), studying a number of structural steels and weld 
metals, presented results that pointed to crack tip blunting contributing 
significantly to the warm prestress effect. At preload levels of K, / K,,, less 
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than 0.6, the crack tip opening displacement after warm prestressing (4, ßs ) 
increased as preload was increased. The final CTOD (8, ) at fracture after 
warm prestressing also increased. At preload levels of K, / K,, greater than 
0.6, , Yes and 8c both remained constant. Pokrovsky et al (1992) reached an 
overall conclusion that residual stresses appeared to have no effect on the 
warm prestress benefit observed for those steels examined. These results 
are therefore not in agreement with the majority of studies presented above. 
The results are, however, presented for fracture in the transition regimes, 
which suggests that there is a warm prestress phenomenon in these regimes 
for the steels examined. The mechanism that provides the benefit appears to 
be related to the crack tip opening displacement. 
2.4.8 Effect of Constraint on the Warm Prestress Effect. 
The effect of constraint on the as-received cleavage fracture toughness of 
ferritic steels is well known (Anderson, 1992) and has been examined 
experimentally by Ingham et al (1989), who showed that for a particular 
temperature the mean or lower-bound fracture toughness at cleavage 
decreased with increasing specimen size. The probability of obtaining 
cleavage fracture in specimens, or components, is influenced by two 
phenomena: firstly the materials inherent resistance to cleavage (it's 
toughness) and secondly the way in which applied stresses are distributed 
throughout the body. If the material has low toughness or if high levels of 
stress intensification occur, then the probability of failure is high. Both of 
these phenomena also contribute to the frequently observed effect that, at a 
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given temperature within the brittle - ductile transition regime, increasing 
specimen size decreases the average fracture toughness at failure. Material 
properties are important in the sense that heterogeneous materials have a 
distribution of toughness properties ranging from 'tough' to 'weak'. 
Consequently, larger specimens have an increased statistical probability of 
sampling localised regions of 'weak' material, which could trigger global 
fracture of, the specimen under applied load. Similarly, levels of constraint are 
generally higher in large specimens leading to suppression of yielding and 
higher stress intensification. Ingham et al (1989) demonstrated the size effect 
on toughness in the transition regime. 
The influence of constraint on the warm prestress effect has been examined 
by Sankey (discussion at end of Brothers and Yukawa, 1963). The 
discussion was based on the influence of constraint on the warm prestress 
effect, i. e., that thinner components, closer to a state of plane stress would, 
for a given level of preload, experience more plasticity than thicker specimens 
that could be regarded as being in plane strain. A comparison of the warm 
prestress effect in thin specimens and thick specimens is given in Figure 2.9. 
The introduction of large scale plasticity in thin specimens would invalidate 
the use of linear elastic fracture mechanics parameters being employed to 
evaluate the effects of warm prestressing (Smith and Garwood, 1990a). 
2.4.9 Effects of Repeated Proof Loading on Cleavage Fracture Toughness. 
It is common practice for pressure vessels and pipelines to be subject to 
repeated proof testing as part of a maintenance schedule or as an insurance 
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requalification, following any major repair or modifications to a component. 
This procedure can be expensive both in terms of time and cost and may 
present the operator with awkward technical problems. It is therefore cost 
effective to eliminate unwarranted repeated proof testing and identify where 
repeated proof testing is desirable. The influence of repeated proof testing on 
the warm prestress effect has been investigated by Pokrovsky et at (1,992) 
who found, for the structural steels examined there was a reduction in the 
fracture toughness following up to 200 warm prestress cycles. This reduction 
was attributed to embrittlement at the crack tip due to damage effects under 
cyclic loading. Arndt et al (1997) performed finite element simulations of 
repeated preloading events. Their simulations included two factors never 
previously implemented in FE studies of the warm prestress effect, namely a 
combined large deformation cyclic plasticity material model and a damage 
model for ductile crack extension. The material model was designed to 
simulate a kinematically hardening material. The analyses showed that 
repeated preloading events develop a residual stress distribution similar to 
that obtained by Smith et al (1992) for a single preloading event. Arndt et al 
(1997), did not perform simulations of fracture following warm prestressing, 
and as such, the effects of damage accumulation and cyclic plasticity models 
on the warm prestress effect remain undefined. 
2.5 PREDICTION OF CLEAVAGE FRACTURE TOUGHNESS FOLLOWING 
WARM PRESTRESSING AND PROOF LOADING. 
2.5.1 Analysis of Monotonically Loaded Cracked Components. 
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The basis of the currently available predictive models of the warm prestress 
effect is the principle of plastic superposition proposed by Rice (1968) when 
describing analytical models of fatigue crack growth. By invoking this 
principle, Rice was able to use continuum mechanics to describe crack tip 
stress, strain and displacement fields in different loading states, combine 
them and provide a final solution for the crack tip fields at that load state The 
method is. simplified by assuming that the material responds in an elastic / 
perfectly plastic manner and that no Bauschinger effect is exhibited by the 
material. Rice (1967) described the stress, strain and displacement fields for 
a cracked body subjected to a monotonic load by the following equations. 
a'ý 











ý, 0, cPP (2.4c) 
YY 
where r and 0 are polar co-ordinates centred on the crack tip, a is the half 
crack length, nepp is the remotely applied stress and oy and Cy are the yield 
strength and strain of the material respectively. 
,&E, ý and 
U, are 
dimensionless functions of their arguments. The square brackets represent 
function statements. Providing that the components of the stress and strain 
tensors remain in constant proportion to each other during the loading cycle, 
the plastic superposition principle can be applied to describe the response of 
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a structure under cyclic loading conditions (Rice, 1967; Chell and Curry, 
1981). 
2.5.2 Analysis of Cyclically Loaded Cracked Components. 
The use of the theories developed in section 2.5.1 can be extended to 
cyclically loaded structures by invoking the principal of plastic superposition 
(Rice, 1967). This principle can be demonstrated in the following manner, 
Figure 2.10. Assume that the material has a yield strength a, in tension and - 
ßy in compression. The stress state after being overloaded and then 
unloaded to some load (say the service load) can be considered as the sum 
of the states of the crack at the two different loading states. State 1 is 
described as the state of the body when under an applied load of level P,, 
Figure 2.10a. A plastic zone of size R, forms. State 2, Figure 2.10b, is 
described as the state of the body when the original cracked body is 
subjected to an applied load of -AP. The material has an effective yield 
strength of -2Qy. A plastic zone of size R2 forms at this load level, and is 
smaller than R, because of the higher effective yield stress for this load step. 
The net result is shown in Figure 2.10c by superimposing states 1 and 2 and 
describes the residual stress state imposed by loading to P, and unloading by 
level AP. 
This method allows the stress states following warm prestress and proof 
loading cycles to be estimated and predictions have been developed on this 
principle by Chell et al (1981), Curry (1981) and Smith and Garwood (1990b). 
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Chell et al (1981) superimposed displacements within the plastic deformation 
zones formed during the loading cycle. The model proposed by Curry (1981) 
is based on the superposition of the stress states, in a manner similar to that 
described by Figure 2.10. The Smith and Garwood model is an adaptation of 
the Curry model and considers the stress state at some point in the singular 
stress field where the stress is dependent on strain hardening. 
The LUCF cycle has three possible outcomes with regard to the relative 
plastic zone sizes formed by loading and unloading at high temperature and 
reloading at a lower temperature, illustrated in Figure 2.11. These three 
outcomes are categorised as Case 1, Case 2 and Case 3 as follows. 
Case 1 occurs when the plastic zone formed on initial loading at temperature 
T,, (size S, ) is bigger than the plastic zone formed on unloading (size S2). 
The plastic zone formed on reloading to fracture at low temperature (size S3) 
is contained within plastic zone S2. 
Case 2 occurs when S, contains plastic zone S3 which is greater than S2, i. e. 
on reloading at low temperature the plastic zone wipes out the residual plastic 
deformation zone S2 formed on unloading at the prestress temperature 
Case 3 occurs when, on reloading, the plastic deformation, S3, wipes out both 
the unloaded plastic deformation, S2, and the plastic deformation formed on 
initial loading, S1. The stress, strain and displacement states for all these 
three cases can be defined via equations (2.4a-c). 
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For case 1, therefore, the stress state, at the applied stress, Qapp, (state 1) is 





The stress state of the component following complete unloading from o-, PP 






a, 2aY, (2.5b) 
The stress state of the component, when subjected to the failure stress, o, 
(state 3) is given by 
Cr? ßr 




ßyl + ßy2 
(2.5c) 
The resultant stress state, state 4, is found by adding equations (2.5a, 2.5b 
and 2.5c) as follows 
state 4= state 1- state 2+ state 3 (2.5d) 
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The above methodology can be applied to any combination of loading or 
temperature cycle. Chell et al (1981) and Curry (1981) develop the solutions 
for displacements and stresses respectively for cases 1,2 and 3 of the LUCF 
cycle and the analogous cases within the LCF and LCUF cycles. 
2.5.3 Prediction of cleavage fracture with no prior load history. 
The stress state described by the above method can now be combined with a 
suitable cleavage fracture criterion to predict the load at which fracture can 
occur. One such criterion that is well established and validated as a cleavage 
fracture criterion is the Ritchie, Knott and Rice (RKR) model. Ritchie et al 
(1973) assume that the cleavage fracture event is stress controlled, and that 
fracture will occur when the normal stress ahead of the crack tip achieves a 
critical fracture stress, o, across a micro-structurally critical distance X0. 
These two parameters are experimentally determined and are assumed to be 
material properties. Ritchie, Server and Wullaert (1979) determined the 
critical fracture stress and micro-structural distance for two pressure vessel 
steels. The fracture stress intensity factor for a cracked component was then 
determined by Ritchie et al (1979) analytically using the Hutchinson (1968), 
Rice and Rosengren (1968) expressions (or HRR) expressions for the stress, 
strain and displacement fields ahead of a crack tip in a hardening material in 
conjunction with the Ritchie, Knott and Rice (1973) model of cleavage 
fracture. The so-called HRR fields scale with the applied J- integral, which, in 
the small scale yielding regime is proportional to the applied stress intensity 
factor. By assuming that the applied stress intensity factor, K, equals the 
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critical stress intensity factor, K,,, when the normal stress a.,, achieves the 
critical fracture stress o-f'` over the critical micro-structural distance X0, the 
fracture load can be determined for a given component. Ritchie et al (1979) 
concluded that this critical distance was approximately equal to two grain 
diameters. Curry and Knott (1976) showed that the cleavage fracture stress 
increases with the grain size of the material. Continuum descriptions of the 
crack tip states can therefore be linked to the micro-structural behaviour of 
the material. 
Anderson and Dodds (1991) proposed another cleavage fracture criterion for 
steel. Under small scale yielding conditions, when the crack tip stresses and 
strains are uniquely characterised by the J- integral, the onset of fracture is 
uniquely defined by a critical value of J, irrespective of the mechanism of 
failure. When J dominance is lost (the crack tip stress and strain fields no 
longer increase in proportion to each other) the critical J values are size 
dependent. The magnitude of the size dependence is reliant upon the 
mechanism by which failure occurs, for example, if failure occurs via a critical 
strain mechanism, the size dependence will be different from that exhibited by 
a steel fracturing via a critical stress mechanism. 
Again, the crack tip stress and strain fields must be related to a local fracture 
criterion before fracture can be predicted. The RKR model described earlier 
has been superseded by a number of micromechanical models based on 
weakest link statistics (Wallin et al, 1984, Lin et al , 1986, Anderson and 
Stienstra, 1989). Weakest link statistical models assume that cleavage is 
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initiated by the largest or most favourably orientated fracture triggering 
particle, such as a grain boundary carbide. The actual trigger event involves 
a local Griffith instability of a microcrack formed by the carbide(s) or 
inclusion(s); the Griffith energy balance is satisfied when a critical stress is 
reached in the vicinity of the microcrack. The size and location of the critical 
micro-structural feature dictate the fracture toughness; thus the cleayage 
toughness is subject to considerable scatter. The statistical sampling nature 
of cleavage fracture initiation (i. e., the probability of finding a critical micro- 
structural feature near the crack tip ) suggests that the volume of the process 
zone is also important. Anderson and Dodds (1991) therefore express the 
probability, F, of cleavage fracture in a cracked specimen in the following 
general form: 
F= FL61, V (6, )} (2. s) 
where a, is the maximum principal stress at a point and V(a, ) is the 
cumulative volume sampled where the principal stress is greater than or equal 
to ß,. For a specimen in plane strain, the volume, V= BA, where A is the 
cumulative area on the x -y plane. Anderson and Dodds (1991) used 
dimensional analysis to show that the principal stress ahead of the crack tip 
can be written as 
6'=f 
cry ß,, r (2.7) 
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where r is the radial distance from the crack tip and 0 is the angle from the 
crack plane. Equation (2.7) can be re-written in terms of the radius 
corresponding to a given stress and angle: 
raýa, e= ga'6, e (2.8) 
ay 
"1 









Thus, for a given stress, the area scales with J2 when small scale yielding 
prevails. Anderson and Dodds (1991) then develop the large scale yielding 
result, where the area inside a given principal stress contour is less than that 
predicted from small scale yielding for a given J value, due to the loss of 
constraint. By the introduction of a constraint factor, 4 (less than or 
equal to 1), an effective J in large scale yielding is defined that relates the 
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If JSSy is the effective small scale yielding J; that is the J that would result in 
the area A[a, / ay] if the structure were large compared to the plastic zone 
size, then the ratio of the applied J to the effective J is given by 
=1 (2.11) Jssy 
The ratio of JIJss,, quantifies the size dependence of cleavage fracture 
toughness. 
2.5.4 Superposition of Displacements to Assess Warm Prestress Effects. 
The model proposed by Chell (1979) superimposes the displacements within 
the plastic zones formed at each loading state and relates the displacements 
to the J- integral via the relationship 
J= cr ö (2.12) 
The displacement S is defined as the crack tip opening displacement, 
evaluated using the strip yield model. The strip yield model was developed 
by Dugdale (1960) for a cracked component in plane stress. The evaluated 
J -integral is then related to the plane strain fracture toughness and failure is 
assumed to occur when 
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J=K,, 2 (1-v) /E (2.13) 
The definition of the J- integral within this model is markedly different to that 
commonly used in fracture mechanics analyses, where total strains and 
displacements are included in the calculation. Consider an LUCF case 1 load 
history. The final plastic zone at fracture is contained within the plastic zone 
formed on unloading at high temperature and the initial plastic zone formed 
on initial loading. The plastic deformation imposed on initial loading and 
unloading are no longer true plastic zones at low temperature, due to the 
associated rise in yield stress with the temperature decrease. These zones 
therefore become zones of residual plastic deformation, where plastic flow is 
unable to occur until the stress within these zones is raised above the low 
temperature yield stress. Chell et al (1981) demonstrated this by considering 
the deformations zones as regions where dislocations are mobile and 
immobile at the fracture temperature, Figure 2.12. Within the final plastic 
zone, dislocations are mobile and free to move elastically. Outside this zone, 
within the residual deformation zones formed on loading and unloading, the 
dislocations are unable to move. On this basis, Chell et al (1981) evaluate 
the J- integral around a contour shrunk onto the boundary between the 
regions where the dislocations are mobile and the region where dislocations 
are immobile. This modified J- integral is termed the J. - integral. This Je 
integral represents the force acting on the region where plasticity is possible, 
i. e. the plastic zone at fracture and when J. = Jac, failure is assumed to occur. 
Since J,, is proportional K, c, the fracture criterion becomes 
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JB = K,,, 2 (1-v2)/ E (2.14) 
The modified J. - integral is given by 
J. = 
f(Wdx-adS, ) (2.15) 
r 
,r 
where O3j' is the elastic distortion tensor, dS an arc length and W is the strain 
energy density, given by 
w= jo-,; dJ (2.16) 
The contour r is illustrated in Figure 2.13 and encloses only those regions 
where plastic flow can occur. This contour integral is path dependant if the 
contour cuts through part of the plastic zone because the component of force 
associated with the excluded plasticity does not contribute to the integral. 
As mentioned earlier, the displacements used to evaluate this J- integral are 
determined using the strip yield model proposed by Dugdale (1960). The 
yielding ahead of the crack tip is considered to lengthen the crack by the 
extent of the yielded region, S, for a cracked component in plane stress. 
Stresses of yield magnitude, oy are assumed to restrain the extended crack 
surface. Figure 2.13 shows a schematic representation of the plastic 
deformation ahead of the crack tip for case I using the strip yield model. The 
displacement discontinuity, so(x), across the plastic and residual zones at the 
point x is given by the addition of three displacements, qft), arising from the 
three independently derived states, Figure 2.14 (Chell, 1980). The ij subscript 
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refers to the loading path that has been followed during a particular step. For 
example, the displacement at the end of step 1 will be denoted co, (x), 
whereas the displacement and the end of step 2, unloaded from state I will 
be 921(x) 
Thus for case 1: ,I 
9(x) =9i(X#a1º6yl)-(p21(x, al -a2l2ay1)+<P32(x, o3-QZ, ayl+ßy2) (2.17) 
similarly for case 2: 
9(x)=91(x, ai, ar, 
)+cp(x, ß, -0,, ßY2-(r 1) (2.18) 
and for case 3 the solution is simply made up of the final load step: 
it(X)= 9 (X, cy On ) 
where 
9, (x)=0, x>a,; 9(x)=0, x>a2 ; 2(x)=A, (x)=si(x)=0, x>a3 
(2.19) 
and a, = c+ Si , where c is the crack length and S the plastic zone size. The 
plastic zone for the final step in case I is defined as c<x< a3 and hence J. 
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must be evaluated along a path I'3 enclosing this region, Figure 2.13. The 
strip yield model defines the modified J. - integral as 
Je = Oy2 {' [C] - q' [a9] } (2.20) 
where co [c] is the displacement at the crack tip and c[x] is given by equations 
(2.11) - (2.13), Chell (1980). Setting equation (2.14) equal to J, c, the critical 
value at T3 provides the failure criterion under warm prestress conditions. 
Chell (1980) then shows the displacements 'o of the extended crack surface 
at a distance x within the plastic zone S to be 
(i-v)K2 
Sýx, K, ý yý= Ecr 
where 
(2.21) 
YZ 1+(1-z)y F(z)=(1-z) 1 
-(1-Z)y 
OsxsS (2.22) 
Chell (1980) offers equation (2.15) as applicable to extended cracks in 
arbitrary structures subject arbitrary loading conditions and also to extended 
cracks in axi-symmetric geometries and penny shaped cracks subjected to 
arbitrary radially symmetric loading conditions. Equation (2.15) provides a 
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powerful tool for the assessment of warm prestressing effects. If, in equation 
(2.15), x= S3, the size of the plastic zone at failure in a component in plane 
strain, then for case 1 
S3 =$ 
K3 22 (2.23) 
(o. 
yl - a'y2) u 
For case 2: 
S3 
(K3 - K1)2 (2.24) 2 8 (Qy2 
_ O"Yl 
) 
and for case 3 simply 
2 
S3 =$0.2 (2.25) 
y3 
The analytical models obtained by Chell for cases 1,2 and 3 when equations 
(2.23) - (2.25) are substituted into equations (2.17) - (2.19) and equation 
(2.20), provide expressions for Je (i. e., K3) that includes K3 in the function F. 
Therefore, a solution can only be obtained by resorting to numerical methods. 
However, Chell (1980) proposed an approximation for the function F(z). 
F(z)=(1-z)2 (2.26) 
Page 43 
Chapter 2. Review of Warm Prestressing and Proof Loading. 
By setting Kr= K3, this approximation yields the following expressions for K, for 




-ay1XK, -KJY 4Ký(Ki 
(ay, +ay2Y -(K, -K2 arl) (K, 
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(K, - K1)2 = 
(0y2 
- ay K, 
(0 




0.3(0'y, + (7y2) K, 
and for case 3, 
K, = K, (2.29) 
Figure 2.14 compares the experimental data of Loss and Hawthorne (1977), 
Reed and Knott (1992) and equation (2.27). 
It should be noted that for an in-service assessment, exact material 
properties, local applied stress intensity factors and crack size, shape and 
distribution can only be estimated. Therefore, the assessor would have to 
provide predictions for all three cases and infer the change in toughness due 
to warm prestressing from the lowest result. These approximate solutions 
have been shown by Chell to be accurate to within 1%. Smith and Garwood 
(1990b) assessed the degree by which the numerical solutions and the 
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approximated solutions were in agreement and it was found that at low 
temperatures, the differences were not large. As the fracture temperature 
increased, the approximate solution deviated significantly from the numerical 
result. The original derivation of the above models uses flow stress (the 
average of the yield and ultimate strengths) rather than the yield stress. For 
the majority of pressure vessel steels, which are high strength and low ptrain 
hardening materials, the flow stress is replaced with the yield strength. If the 
material exhibits a high degree of strain hardening then the flow stress should 
be used. 
Changes in flow stress provide the principle reason for the occurrence of a 
warm prestress benefit since areas of residual plastic strain are formed as 
discussed earlier. These contribute only indirectly to the failure parameter J. 
and Chell's (1980) proposed theory of warm prestressing is therefore 
applicable to any situation where a change in yield stress occurs while a 
structure is under load. 
The proposed models were developed with respect to stationary cracks that 
do not extend following the warm prestress load cycle. Any such sub-critical 
crack growth is assumed to directly redistribute the residual stresses and 
strains. A final assumption is that the failure event must be cleavage type 
failure. The small scale yielding assumption in relating J. to K, may also be 
violated during the preloading event and the use of the plane stress strip yield 
model in the formulation of the predictive model may also lead to 
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inaccuracies. The models also neglect the Bauschinger effect and the 
possibility of non-proportional unloading. 
Chell and Haigh (1986) investigated the sensitivity of the models to the input 
variables and concluded that the criterion is relatively insensitive to the 
absolute value of the applied preload stress intensity factor and pringjpally 
dependent only on the relative changes in the applied stress intensity factors, 
i. e., only on the degree of unloading relative to the applied preload stress 
intensity factor. The dependence of the predictions on the cleavage fracture 
toughness of the material in the embrittled condition (i. e. after any radiation or 
ageing effects have been accounted for) showed a similar degree of influence 
as the load / unload stress intensity factor ratio. The influence of the value of 
yield stresses used within the models was found to be limited, inferring that 
the need for exact values of yield stress (or flow stress) is not great when 
assessing any warm prestress effect on a structure in service. It is necessary 
that the yield stress increases as temperature decreases. Nevertheless Chell 
and Haigh (1986) provide a 'lower bound' equation, which is based on 
experimental results and the above conclusions that eliminates yield stress 
entirely from the model, and is only dependant on K, and K, c. 
' =0.2K' +0.87 
K 
(2.30) 
To summarise, Chell and co-workers have developed a model, based on the 
superposition of elastic displacements within the regions of residual plastic 
deformation. The model is applicable when small scale yielding conditions 
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prevail and no sub - critical crack extension takes place between unloading 
and reloading to fracture. The final failure mechanism must be cleavage 
fracture. Simplified empirical relationships are proposed, to eliminate the 
requirement of detailed knowledge of the material properties at the critical 
region. 
.6 
2.5.5 Superposition of Stresses to Predict Fracture Toughness following 
Warm Prestressing. 
Curry (1981) proposed a model based on the plastic superposition of stresses 
following the conclusions of Harrison and Fearnehough (1970) that the warm 
prestress benefit occurred via the requirement that the residual crack tip 
stress system needed to be modified before fracture could occur at low 
temperature. The central fracture criterion is the RKR model (Ritchie et al, 
1973) described earlier. The RKR criterion can be summarised via the 
following relationship: 
ayy[X]Z a;, X S X0 (2.31) 
Curry then applied this criterion to the finite element stress distribution for a 
loaded crack tip in plane strain, in an elastic plastic material with a hardening 
exponent, n, of 0.1. Tracey (1976) presented this stress field in terms of 
normalised distance ahead of the crack tip, X(Or K)2 versus the local stress 
intensification o/o . Since K,, and of , are known, the micro-structural 
distance X0 can be calculated. Using the same method of plastic 
UNIVERSITY 
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superposition as Chell et at (1979),. the stress distribution at a crack tip in a 
non-work hardening material subjected to several load reversals (such as 
warm prestressing) may be obtained by the superposition of appropriate 
monotonic loading distributions, as described earlier following the method 
proposed by Rice (1967). 
.0 
The different load cases are again discretised into LCF, LCUF and LUCF 
cycles and the different solutions presented by Curry (1981). For the LUCF 
cases 1,2 and 3 analysed in section 2.7 the equivalent solutions are as 
follows: 
For case I the final plastic zone is smaller than both the initial plastic zone 
formed on preloading and the plastic zone formed by reversed yielding on 
unloading. The final plastic zone forms with an effective yield stress of 
(oo, +o- ). Therefore, the final plastic zone will be smaller than the unloading 
plastic zone if the following inequality is true: 
Kr Ki 
(y2 + ayl 2ay1 
(2.32) 
The stress distribution at fracture is therefore given by the superposition of 
the appropriate loading, unloading and reloading stress distributions as 
follows: 
ari[Kr]=ayy1K,, ay, ]-aw[K,, 2aylJ+a, y[Kf, 
(ayl +ay2A (2.33) 
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In case 2, the plastic zone at fracture is larger than the unloading plastic zone 
but smaller than the initial loading plastic zone. During the final load step the 
effects of unloading are completely wiped out and the final plasticity develops 
under a loading equivalent to (K, - K, ) and with an effective yield stress of 
(oy2 -o ). Hence the final stress distribution at fracture involves contributions 
from the initial load step and the reloading step at low temperature. 
ari[K, ]=arr[K,, ayrj+6rr[(Kr -K, ), 
(ay2 
-ay1)] (2.34) 
Finally, when the final plastic zone becomes larger than the initial plastic zone 
formed on prestressing, the effects of prior plasticity are removed and the 
warm prestressing does not influence the final stress distribution. These 
solutions for the final stress state following warm prestressing are then 
combined with the RKR criterion and the normalised stress distributions of 
Tracey (1976) for a work hardening material and Ostergren (1969) for an 
elastic perfectly plastic material to provide predictions for K,. 
Smith and Garwood (1990c) incorporated the analytical solution for the stress 
distribution ahead of a loaded crack tip in a strain hardening material 
(Hutchinson, (1968), Rice and Rosengren, (1968)) into equations (2.33) and 







may' 1-(7y ma 
m 
(2.35) x, 
c y2 2 to 
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where m= (n-1)/(n+1) and q= 21(n+1). It is assumed that the micro-structural 
critical distance, X0, is unchanged throughout the warm prestressing cycle 
and subsequent low temperature service. This method therefore incorporates 
hardening into the model to predict the final fracture toughness. Smith and 
Garwood (1990c) showed that the predictions were relatively insensitiye to 
changes in n. The model is also insensitive to the final fracture temperature. 
Figure 2.14 compares experimental data to the predictions of equation (2.35). 
2.5.6 A Reference Stress Model to Predict Fracture Toughness following 
Warm Prestressing. 
Smith and Garwood (1990c) proposed a model to predict the warm prestress 
effect, based not on the local crack tip stress and strain distributions, but on a 
reference stress in the net section of the component. Smith observed that 
there is a point in a singular crack tip field where the stress is approximately 
independent of the hardening exponent, n, of the material. This point is called 
the reference stress point, XR, and the stress at XR is called the reference 
stress, oR. The reference stress analysis method was originally used within 
creep studies, whereby a uniaxial test can be performed and the reference 
strain can be measured at a reference stress. This provides an overall 
measure of the deformation of the component. Within the current framework, 
the reference stress approach is used to provide an approximate description 
of the global behaviour that leads to differences between prestressed and 
non-prestressed components. The reference stress is generally limited by the 
value of the materials yield stress and is usually some fraction of the yield 
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stress. This fraction is conventionally determined by the ratio of the applied 
load Papp to the collapse load Poor, of the component. The reference stress 
approach to modelling the effects of warm prestressing simply modifies the 
analytical solution obtained by Smith and Garwood (1990c) for the model 
proposed by Curry (1981). The ratio K, /K,, is replaced by the ratio ' R, /° in 
equation (2.35) to yield the following result: H 
URf 
- 
may' hi_-tJ )q(1-2m ) (2.36) 
URc L ßy2 ßy2 CRc 
where oRc is the critical reference stress without warm prestressing at the 
fracture temperature, o, is the failure reference stress following warm 
prestressing and o-R, is the proof load reference stress. By definition, the 
reference stress at fracture cannot exceed the yield stress at the fracture 
temperature nor can the proof load reference stress exceed the yield stress at 
the proof load temperature. Therefore, strict limits on the benefits and proof 
load levels are set using this approach enabling a structure to be proof loaded 
with no possibility of gross yielding occurring in the structure. Figure 2.14 
compares the reference stress model (equation 2.36) to experimental data. 
2.5.7 Comparison of Predictive Models. 
Both the Chell and Curry models proposed earlier do not have any limiting 
bounds as regards the proof load or fracture load levels. Between the limits 
imposed by the yield stresses at the appropriate temperatures, the Curry 
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I 
model and the Smith and Garwood model are identical. Both K and o-R are 
load based parameters and therefore the two models yield identical results. 
The range of application of equation (2.36) is much more limited than either 
the Chell or Curry models however. As the fracture temperature increases, 
the ratio of the proof load reference stress to the critical reference stress 





Equation (2.36) is therefore limited to either high preload levels or to lower 
preload levels where fracture occurs on the lower shelf. Figure 2.14 
illustrates the relative predictions of the three models described above. The 
following material properties were used in evaluation of each of the models. 
The yield strengths at room temperature and -170°C were 500 MPa and 810 
MPa respectively. The cleavage toughness at -170°C was assumed to be 
47.4 MPa4m. A hardening exponent of n =10 and critical reference stress, 
SRC, of 155 MPa were used in to evaluate the reference stress model 
proposed by Smith and Garwood (1990c) (equation 2.36). The Curry Model 
used a critical micro-structural distance of X6=57 µm. 
2.5.8 Prediction of Warm Prestress Effects Following Sub-Critical Crack 
Extension. 
The models of warm prestressing discussed above are subject to some 
restrictions. Firstly, the mechanism of failure should be by cleavage and 
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secondly that there should be an increase in flow stress of the steel between 
the warm prestress load cycle and final fracture. There is no restriction on the 
mechanism by which the yield stress increases. It could occur by cooling or 
as a result of embrittling mechanisms such as strain ageing and irradiation 
damage. There is a further implicit assumption in the three approaches 
discussed above, namely that there should be no sub critical crack growth 
between the time of warm prestress cycle and final fracture. The latter is not 
a problem in the application of warm prestress cycles to the thermal shock of 
pressure vessels, but could be of considerable importance in the assessment 
of a proof tested pressure vessel. 
Chell (1986) extends his theory of warm prestressing described above to 
include the effects of sub - critical crack growth occurring at the temperature 
the vessel or component is at following unloading from the prestress. Chell 
(1986) presents solutions for a range of warm prestress load cycle, crack 
extension histories and temperature differentials between prestress and 
fracture events. 
The predictions for each of these different analytical models all followed the 
same trends. Specifically, the cleavage fracture toughness following warm 
prestressing and sub critical crack extension was shown to be elevated above 
its value in the absence of crack extension, providing that the crack extension 
was not greater than the compressive yield zone that forms at the crack tip 
following warm prestressing. 
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Chell (1986) also predicted that failure could occur during crack growth under 
constant load following warm prestress, because the new tensile yielding 
produced by crack extension under a stress intensity factor K2, is sufficiently 
high that the failure criterion expressed in equation (2.12) is satisfied. This 
situation was found to occur when 
ýf 
K. K2 K, 
K1c K, KIC 
(2.38) 
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2.6 SUMMARY OF LITERATURE REVIEW. 
The preceding review of warm prestressing and proof loading studies has 
shown that there is a large amount of experimental and analytical data 
available to the engineer to assess the influence of proof loading and warm 
prestressing on cleavage fracture toughness of ferritic steels.  The 
experimental data available has been obtained using a variety of specimen 
geometries, from fracture toughness specimens such as the CT and SENB 
specimens to uniaxial round bar tensile specimens, for investigation of the 
effect of warm prestressing on the tensile properties of ferritic steels. Where 
the prestress direction was in the same sense as the operating load (tensile), 
then depending on the load history applied, the cleavage fracture toughness 
is enhanced to a greater or lesser degree. If the prestress was compressive 
in nature then the cleavage toughness was shown to be reduced. Analytical 
models based on continuum mechanics and micro structural investigations 
have been developed by various investigators and these have been used 
successfully to predict the trends in the influence of warm prestressing and 
proof loading on cleavage fracture toughness of ferritic steels. However, the 
application of these models to predict the behaviour of the steels accurately 
has been 'shown to be difficult, due to the inability of the models to cope with 
inherent scatter in material properties. The use of finite element analysis to 
date in simulating the effects of warm prestressing and proof loading is 
limited, the conclusions again being limited to observing general trends. 
Page 55 
Chapter 2. Review of Warm Prestressing and Proof Loading. 
The aims of this study are therefore to investigate the warm prestress and 
proof loading effects using a combination of finite element simulations and 
experimental studies to identify the controlling factors in the warm prestress 
phenomenon. It is intended to develop a fracture mechanics based approach 
that will enable the comprehensive modelling of warm prestress effects in the 
cleavage fracture regime where scatter in material properties is high. 
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CHAPTER 3. 
EXPERIMENTAL METHODS AND MATERIALS. 
Abstract 
.I 
. The effects of warm prestressing load histories on two ferritic 
pressure vessel steels, BS1501 steel 490Gr B LT50 and 
A533B steel-1 are investigated. Both these materials have 
been extensively examined and characterised, with much 
data available in the literature. The apparatus and methods 
used in this testing programme are described together with 
details of analysis techniques. 
3.1 MATERIALS 
3.1.1 BS1501 490Gr B LT50 Steel. 
BS1501 Steel is a structural Carbon Manganese (C-Mn) steel used in the 
fabrication of pressure vessels. This material was chosen after consultation 
with the sponsoring parties of the project through The Welding Institute (TWI), 
Cambridge. An extensive material characterisation program was performed 
on this material prior to the launch of this project (Smith, 1986). TWI provided 
the material from end pieces of large scale specimens previously tested. The 
chemical composition of the particular plates obtained by TWI is given in table 
3.1 and is compared to the British Standard specification for the material. 
Due to the extensive information already available on this materials' as- 
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received properties, a limited study on as-received properties was performed 
to ensure that results were consistent with the previous work. The material is 
generally of medium strength with high ductility at room temperature. Fully 
brittle fracture behaviour is observed below -110°C. 
3.1.2. A533B -1 Steel. 
"f 
A533B steel is also a ferritic steel, and is more commonly used in the 
fabrication of reactor pressure vessels in Pressurised Water Reactor (PWR) 
nuclear power installations. This material was also supplied by TWI, again 
extensively studied in the as-received and warm prestressed conditions as 
part of a previous project (Smith and Garwood, 1990b). Only a limited test 
program in the as-received condition was required to confirm the results 
obtained in the previous studies before embarking on the proof loading test 
program. The chemical composition of the material is given in table 3.2. This 
steel is of higher strength than BS1501 steel with a high ductility at room 
temperature. Fully brittle behaviour is exhibited below approximately -150°C. 
3.2 TEST PROCEDURES. 
All testing performed was carried out on an Instron 1342 test frame of 250 kN 
capacity, with an environment chamber capable of cryogenic temperatures. 
Load and displacement data was recorded on an XY chart recorder and also 
a personal computer. The data logging rate was about three data pairs per 
second. 
3.2.1 Uniaxial Tensile Testing. 
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Tensile testing was performed using standard uniaxial round bar specimens 
shown in figure 3.1. The tests were performed under strain control, with the 
extensometer attached to the gauge section of the specimen as shown in 
figure 3.2. In order to determine the tensile response of the materials at 
temperatures below ambient, a climatically controlled environment chamber 
was placed around the specimen and liquid nitrogen was introduced tp the 
chamber by way of valves controlled by thermocouples. The temperature of 
the specimen was monitored using spot welded thermocouples. This 
arrangement provided temperature control to within ±2°C. It should be noted 
that the thermocouple attached to the specimens had no direct control over 
the chamber temperature. During cooling to the required temperature, the 
specimen was maintained at constant load to ensure that no thermal stresses 
were introduced. 
Three loading cycles were investigated so that the tensile response of the 
steels to complex load / temperature histories could be evaluated. These 
were: 
(i) monotonic loading at 20°C, -70°C, -120°C and -170°C; 
(ii) strain controlled cyclic testing at these temperatures; 
(iii) Load - Unload - Cool - Reload cycles akin to those used in warm 
prestressing load cases. 
3.2.2 Fracture Toughness Testing. 
Page 59 
Chapter 3. Experimental Methods and Materials. 
To determine the cleavage fracture toughness of a material it was necessary 
to test precracked specimens. All the tests performed within this study were 
carried out following the guidelines laid down in BS5447 (1991). As such, the 
specimen geometry was chosen as Compact Tension (CT), illustrated in 
figure 3.3. The specimen thickness of 25 mm was limited by the size of the 
clevis grips used on the test frame. The extensometer used to monitQ, r the 
displacerrIent of the specimen was a standard clip gauge attached to knife 
edges fixed to the specimen, figure 3.4. Some A533B steel specimens were 
of a thinner section of 6mm. These tests were performed to examine the 
effects of constraint on the warm prestress effect. All fracture toughness test 
specimens, to provide valid toughness results should be of specified minimum 
thickness, defined in BS5447 (1991) as 
2 




where KQ is the stress intensity factor based on the load at which the load 2 
versus displacement trace as a gradient of 95 % of the gradient of the initial 
linear portion of the curve, or the maximum load achieved in the case of 
purely elastic fracture. For A533B steel fractured at -170°C, the minimum 
thickness that provides valid K,,, results is 5.2 mm, based on the minimum "' 
toughness value presented by Smith and Garwood (1990b). At -120°C the 
minimum thickness for BS1501 steel specimens is 31 mm. Therefore, the 
25 mm thick BS1501 steel specimens tested at this temperature violate the 
minimum thickness requirements for valid K1 results. All specimens failed by 
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cleavage fracture however, with no evidence of shear lips or ductile fracture 
and therefore the results are regarded as acceptable. 
Prior to testing, all the BSI501 Steel specimens were fatigue precracked from 
the machined notch at room temperature according to BS7448 (1991) to an 
initial nominal crack depth of 25mm giving a crack length to width (a/W), ratio 
of 0.5. The fatigue precracking stress intensity factor was between 24 
MPa Im and 28.5 MPa'lm. Some later specimens had a 'crack' introduced by 
the wire electric discharge machining (edm) technique. This provided a notch 
of width 0.1 mm and was found to provide comparable results to the fatigue 
precracked specimens. The wire edm method was much faster than the 
fatigue precracking technique (10 minutes compared to 4 hours), and 
provided a straight crack front. The only drawback is- that material was 
physically removed and the 'crack' faces could not be in contact and therefore 
could not transmit compressive stresses. It was assumed that the edm 
process did not introduce residual stresses in the region of the crack tip. 
To determine the fracture toughness of the material in the as-received 
condition, the specimen was placed in the rig with the clip gauge and 
thermocouple attached. The chamber was then closed and any gaps filled 
with ceramic wool. The chamber was cooled to the required temperature 
using the liquid nitrogen apparatus described above. Fracture toughness 
testing of BS1501 steel was performed at -70°C and -120°C, with the A533B 
steel being tested at -170°C. These temperatures were selected to be 
consistent with the previous studies carried out at TWI. 
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Following fracture, the specimen was measured on a MONDO '3D' 
measurescope, which magnifies the specimen to enable accurate non 
contacting measurement of the crack length and specimen dimensions can 
q 
be made. Some specimens were sectioned, mounted in acrylic and polished 
for metallographic studies. Once polished, the surfaces were etched using a 
2% Nital solution to reveal the grain structure of the material. Fracture 
surfaces were examined using a Hitachi S-2300 scanning electron 
microscope. 
3.2.3 Analysis Methods. 
Fracture toughness was evaluated in terms of plane strain fracture 




IC 8 ý; 
w (3.1) 
where Pmax was the maximum load attained and f(a/VI9 is defined as follows 
for a CT specimen: 
(1 2+ 
a 
12 as4 tl 
WI 
W 0-133%1 +14.711 -5. J 




The elastic - plastic fracture mechanics parameter JI, was also evaluated from 
the results, according to ASTM E813-92 (ASTM, 1992). 
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where K is calculated using equation (3.1). The plastic component is then 
computed by evaluating the plastic area, AP,, under the load displacement 
trace, figure 3.5. 
rjAp, Ja = Bb0 
(3.5) 
where b,, is the initial ligament length, rl is a dimensionless constant 
dependant on the geometry of the specimen. 
specimen this is given by 
=2+0.522bo /W 
For a compact tension 
(3.6) 
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The plastic area under the load / displacement trace was obtained using the 
trapezoidal rule. The critical J,, values were converted to equivalent K,,, 
values using the equation 
_ 




This approach enables equivalent stress intensity factors to be evaluated 
when there has been significant plastic deformation prior to fracture and 
LEFM assumptions have been violated 
e° 
3.3 SPECIMEN PROOF LOADING 
res 
All preloading events were performed at ambient temperature, where the 
materials are ductile and therefore can withstand loads well beyond yield 
strength. The procedures were largely determined by previous studies at TWI, 
where preloading events are performed to BS7448 (1991), the room 
temperature CTOD test standard. Preloading levels were calculated as 
percentages of the plastic collapse (or limit) load based on the yield strength 
of the material. The limit load of a compact tension specimen is given by 
PL =1.455ýBbay (3.8) 
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In order to maintain a constant applied displacement rate, it was necessary, 
when loading beyond the general yield of the specimen, to use displacement 
control. If loading was performed under load control, at the onset of yielding 
the displacement rate would increase rapidly and therefore cause fracture to 
occur. The applied displacement rate during preloading was 0.5 - 0.6 mrr per 
minute. 
Loading events were all of Load - Unload - Cool - Fracture (LUCF) type with 
the preloading performed at room temperature. Subsequent fracture testing 
was performed at the temperatures given above. The proof loading stress 
intensity factor was calculated based on the fatigue crack length plus any 
tearing that took place during preloading. This was measured after fracture at 
low temperature as insignificant amounts of tearing were assumed to occur 
prior to cleavage fracture. 
Multiple preloadings were performed on selected specimens to assess the 
effects of repeated proof loading. Two control methods, load and 
displacement control were used. In load control, the specimen was loaded to 
the prescribed percentage of collapse, unloaded and then reloaded at the 
same temperature to the same load. The reloading was repeated up to six 
times. The specimen was then cooled and fractured as before. Under 
displacement control, the initial loading was to the same displacement as 
applied to the load control specimen during the initial preload. Following 
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unloading, the subsequent reloading applied the same displacement as 
applied in the initial preload. This was repeated between four and six times. 
.9 
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This chapter summarises the experimental results performed to 
characterise the mechanical and fracture response of the two 
steels, BS1501 and A533B. Uniaxial studies were undertaken 
to obtained data for finite element modelling. Fracture 
toughness testing was performed to determine the response of 
the steels to different preloading histories. Improvements in 
cleavage fracture toughness were obtained following 
preloading. However, some load histories were shown to be 
more beneficial than others. 
PART A: BS1501 Steel 490 Gr. B LT50 STEEL 
4.1 UNIAXIAL RESPONSE. 
4.1.1 Monotonic Loading. 
The monotonic stress - strain response of BS1501 Steel at room 
temperature, -70°C and -120°C is illustrated in figure 4.1. There are several 
distinct characteristics that are present in all three curves. Firstly, the 
Young's moduli at these temperatures were 203 GPa, 223.5 GPa and 207.3 
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GPa respectively. These Young's moduli are subject to a degree of scatter. 
The variation may also be an artefact of the extensometer setup on the 
specimens. Upper and lower yield points were a distinct feature in the 
response of the steel throughout the study. The upper and lower yield 
stresses at the three temperatures are detailed in table 4.1. The yield stress 
increased as the temperature was reduced, as expected. Following yielding, 
the steel responded in an perfectly plastic manner in all three cases. 
4.1.2 Uniaxial Response to Cyclic Loading. 
The response of BS1501 Steel to cyclic loading at 20°C, -70°C and -120°C is 
shown in figures 4.2a to 4.2c. The behaviour of the material in the initial 
cycles is seen to be, as expected, the same as the monotonic response. 
However, following unloading to zero strain and then reloading under strain 
control, it was observed that the strong upper and lower yielding behaviour 
exhibited earlier was not repeated. The ultimate stress did not appear to be 
altered by the prior straining. The perfectly plastic material response was 
retained at -70°C. However at room temperature, some hardening was 
observed following three loading and unloading cycles. The ultimate stress 
was not increased beyond the initial upper yield stress prior to the specimen 
buckling. The variation in yield and ultimate stresses are consistent with the 
reduction in temperature. 
Under cyclic loading the yielding response in tension and compression was 
observed to vary. It is observed in figures 4.2a-c, for example, that following 
the initial tensile load, the sharp upper and lower yield points are not 
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reproduced when loaded in compression. The relationship between yield 
strengt, in compression following 
.a 
tensile preload is known as the 
Bauschinger effect (Bauschinger, 1886). The Bauschinger Effect Factor 
(BEF), defined here as the ratio of the compressive yield strength and tensile 
yield strength is evaluated by determining the yield strengths in tension and 
compression for each individual cycle, figure 4.3. The magnitude of the 
Bauschinger effect factor observed was therefore dependent on the definition 
of yield strength adopted. For the purposes of this study, the 0.2% 
compressive yield strength was adopted for evaluating the BEF. 
Bauschinger Effect Factors were evaluated for this steel at 20°C and -70°C. 
Figure 4.4 illustrates the response of BS1501 Steel to prior plastic 
deformation. It is observed that at both 20°C and -70°C approximately 
isotropic behaviour is observed, based on the compressive yield strength. 
The Bauschinger effect factor, ayc / ays , becomes more pronounced as 
temperature decreases, dropping from 0.78 to 0.57 at -70°C and 0.3 at 
-120°C. 
4.1.3. Uniaxial Response at -120°C following Prestraining at 20°C. 
Figure 4.5 illustrates the stress - strain response at -120°C of the steel 
following a prior prestrain at room temperature. On initial straining at 20°C 
the familiar upper and lower yielding behaviour was observed. The specimen 
was then unloaded to zero strain at room temperature, thus forcing the 
material into compression. The specimen was then held at constant load 
during cooling prior to reloading to failure at -120°C. The low temperature 
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response was observed to be similar to the. monotonic response at this 
temperature, except that the characteristic upper and lower yielding behaviour 
was not observed. The ultimate stress of the material was unchanged by the 
prior load history. 
4.2 FRACTURE PROPERTIES. 
't 
4.2.1 As-Received Fracture at -120°C and -70°C. 
Three as-received specimens were tested at -120°C. The results are given in 
table 4.2. The range of toughness' obtained at -120°C were between 58 
MPa'lm and 75 MPa Im. The load - displacement traces for these specimens 
were linear and therefore failure stress intensity factors were calculated using 
the maximum load at fracture. This method of evaluating Kf was maintained 
throughout the study. These results were compared with results obtained 
from Bell (1992) where 50 mm thick SENB specimens were tested. It can be 
seen from figure 4.6 that the results for the 25mm thick CT specimens 
compare very well with those the previous study. A mean value of K,, from 
both studies was 66 MPa4m. The observed agreement between the two ý-- 
studies provided confidence that no further as-received toughness testing 
was required and that the test rig was calibrated and functioning correctly. 
On this basis, the experimental study was extended to examine the effect of 
Load - Unload - Cool - Fracture (LUCF) cycles on the cleavage toughness of 
this steel. 
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At -70°C the as-received toughness varied between 87 and 97 MPasIm, 
providing a mean toughness of 92 MPa 1m. The load versus displacement 
traces at fracture showed no or little non-linear behaviour. These results were 
compared against those of Smith and Garwood (1992) where an average 
cleavage toughness of 85.9 MPa"lm using 50mm thick SENB specimens was 
obtained. This result , while slightly lower than the 25 mm CT specimen 
results was sufficiently close to allow progression to proof testing 
experiments. It was observed that the maximum toughness obtained was 
greater than the maximum toughness observed by Smith and Garwood 
(1992) as shown in figure 4.6. 
4.2.2. Fracture Following A Single LUCF Cycle. 
Ten specimens were loaded to varying proof load levels and then fractured at 
-120°C. The proof loading level was described as a percentage of the 
collapse load of the specimen. The collapse load (PL) of the specimen was 
calculated using a standard solution for the geometry and is based on the 
yield stress of the steel at the temperature of interest. Figure 4.7 shows a 
typical proof load versus displacement trace, with different proportions of 
collapse indicated. It can be seen that only a small increase in the proportion 
of collapse load (1.2*PL to 1.35*PL) can lead to a large increase in the applied 
crack mouth opening displacement. Three specimens were proof loaded to 
approximately the collapse load and the remaining seven specimens to 
greater than 1.3*PL. The specimens preloaded to collapse load level and 
fractured at -120°C exhibited a mean toughness of 97 MPa'lm, an increase 
of 47% compared with the as-received toughness. The remaining seven 
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specimens, subjected to higher level preloads and fractured at -120°C gave a 
mean toughness of 109 MPa'im, an increase of 66 % on the mean as- 
received toughness. Complete details of each fracture test are given in table 
4.3. It is observed that the failure stress intensity increases with increased 
preload stress intensity, based on this limited study. Figure 4.8 compares 
the proof loaded fracture toughness data with the as-received fracture 
toughness data. 
It should be noted that the percentage increases quoted above and in 
forthcoming sections are based on limited data sets and the effects of scatter 
have not been addressed within this chapter. Scatter will be addressed 
explicitly in Chapter 6. 
Three specimens were preloaded to approximately collapse load level at 
room temperature prior to fracture at -70°C. The toughness was observed to 
increase to a mean value of 97 MPa'lm, an increase of 5 MPaJm from the 
mean as-received toughness value of 92 MPa'lm. Four further specimens 
were preloaded to approximately 1.2 *PL. Following fracture at -70°C, the 
toughness was observed to increase to a mean value of 129 MPa Imp an 
average of 40 % greater than the as-received toughness. Figure 4.9 
illustrates the results compared to the as-received data. 
4.2.3 Fracture Following Repeated Proof Loading in Displacement Control. 
Six specimens were preloaded following the load versus displacement history 
of specimen 13e, illustrated in figure 4.10, that is, repeated loading with the 
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same increment of displacement in each cycle. The specimen was loaded to 
a prescribed crack mouth opening displacement, then unloaded to zero load. 
The process was repeated a number of times prior to unloading to zero load 
for cooling to -120°C. The specimen was then loaded monotonically to 
fracture. Table 4.4 details the preload and fracture parameters of each 
specimen. It can be seen that the mean toughness increased to,, 112 
MPa Im, which represents a marginal increase in benefit beyond the single 
preload specimens of 3 MPa Im, or 4% (based on the mean as-received 
toughness). The mean proof loads applied to the single preload specimens 
and the repeated preload specimens were approximately the same at 102 
and 106 MPa4m, respectively. This suggests that repeatedly proof loading 
this material did not significantly alter the influence of the single cycle warm 
prestress effect on the materials' toughness. It should be noted that the 
preload stress intensity factor was based on maximum load and not the 
applied J integral value. 
4.2.4 Fracture Following Repeated Proof Loading in Load Control. 
Eight specimens were preloaded repeatedly to a certain proportion of 
collapse load, following the load displacement history of specimen 20a 
illustrated in figure 4.11. The specimens were loaded initially in displacement 
control to the calculated load. This was necessary because under load 
control, at the onset of non-linear material behaviour, the loading rate would 
increase and cause dynamic fracture. Following unloading from the first load 
cycle, the reloading would be elastic and therefore could be performed in load 
control. The results are detailed in table 4.5. It is observed that mean 
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toughness following repeated preloading in load control is increased to 110 
MPaIm, an increase of 66% on the mean as-received toughness and very 
similar to both the previous load history results. 
4.2.5. Summary of BSI501 Steel Fracture Toughness Results. 
Figure 4.12 illustrates the cleavage toughness of BS1501 Steel as a function 
of the number of preload cycles applied. It has been observed that the critical 
failure stress intensity factor of this steel increases with a single preload. The 
magnitude of the increase is observed to depend on the applied preload level, 
a larger increase being observed for larger applied preloads. When subjected 
to repeated proof loads in either load or displacement control, the increase in 
observed Kf remains consistent with the increase in Kf for single preloads of 
the same intensity. These results are consistent with the tensile response of 
this steel. Cyclic loading of the steel at 20°C did not affect the maximum load 
attained by the steel and therefore cyclic loading of a cracked specimen at 
room temperature could be expected to have the same final residual stress 
distribution as a specimen subjected to a single preload of the same intensity. 
At -70°C, broadly similar results were obtained to those at -120°C, although 
the relative increase in toughness with respect to the as-received toughness 
at that temperature was not as great. 
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PART B: A533B Class 1 Steel. 
4.3 UNIAXIAL RESPONSE. 
This steel has been extensively characterised in previous studies (Smith and 
Garwood, 1990c, Smith et al, 1992). Two monotonic uniaxial tests were 
performed to confirm the steel properties, provided from the same O1ates 
analysed by the above authors. Figure 4.13 illustrates the response of this 
steel at the two temperatures, 20°C and -170°C. This steel exhibited broadly 
similar yielding behaviour to that of BS1501 steel, with sharp upper and lower 
yielding behaviour observed at both temperatures. At room temperature an 
upper yield stress of 561 MPa, a lower yield stress of 500 MPa and a Young's 
modulus of 202 GPa were recorded. At -170°C the steel was found to 
behave in a similar manner with upper and lower yield stresses of 953 and 
873 MPa respectively. The Young's modulus was slightly higher at 209 GPa 
than that observed at 20°C. It is noticeable at both temperatures that this 
material hardens following yielding. The ultimate strength of the steel was 
668 MPa at room temperature and 960 MPa at -170°C. 
These values compare well with the values observed by Smith et al (1992). 
Smith et al (1992) also investigated the influence of prior plastic deformation 
on subsequent yielding in compression for this steel. An initial Bauschinger 
effect factor of 0.3 was observed at room temperature. The steel responded 
in a kinematic manner in subsequent load cycles, a quite different response to 
that observed in BS1501 Steel steel. No further data was available for low 
temperatures. 
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4.4 FRACTURE TESTING, B=25mm. 
4.4.1 As-Received Fracture at -170°C. 
A total of six specimens were fractured at -170°C in the as-received condition. 
Three of these specimens were fatigue pre-cracked and three were pre- 
cracked using the wire electro-discharge machining (edm) technique 
described'in Chapter 3. The results obtained for the two types of specimens 
showed that fatigue precracked specimens had a lower mean toughness 65.7 
MPa Im which lower than results from edm specimens, which had a mean 
cleavage toughness of 80.8 MPa tm. The difference between the two sets of 
data could be attributable to inherent scatter in the cleavage toughness of the 
steel, but the edm technique may also have affected the toughness. The 
scatter in the cleavage toughness of A533B Steel at -170°C has been 
investigated by Smith and Garwood (1990b). A series of fourteen 50mm thick 
SENB specimens were fractured. The maximum toughness obtained by 
Smith and Garwood (1990b) was 74.5 MPa'Im. This comparison suggests 
that the edm technique, through metallurgical effects or the slightly blunted 
crack tip, had increased the toughness of the material beyond that of fatigue 
pre-cracked specimens. 
The fatigue precracked specimens however, were contained within the 
distribution of the Smith and Garwood (1990b) data and it was therefore 
decided to progress with the proof loading studies. The results are detailed 
in table 4.7 for all the as-received cases examined. Figure 4.14 illustrates the 
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relative distributions of the edm and fatigue precracked specimens in relation 
to the data set obtained by Smith and Garwood (1990b). 
Figure 4.15 shows the fracture surface of an A533B steel 25mm thick CT 
specimen in the as-received condition. The edm notch 'crack' tip is clearly 
visible with a blunted profile. The cleavage fracture surface is shown in 
'f 
greater detail in figure 4.16 where large numbers of cleavage initiation sites 
are in evidence. There is some evidence in this figure of local plasticity prior 
to fracture. Figure 4.17 provides an overview of the crack tip area in the 
same specimen, which shows the absence of large scale plasticity prior to 
fracture. Figure 4.18 shows a detail of the microcrack visible towards- the 
centre of figure 4.16, where limited plasticity has occurred. 
4.4.2 Fracture Following a Single LUCF Cycle. 
Seven specimens were subjected to single LUCF cycles in the manner 
described in Chapter 3. The mean applied preload stress intensity factor was 
116 MPa Im, which represents approximately 98% of the collapse load. The 
mean critical stress intensity factor obtained following these proof loads was 
74.3 MPa Im. This represented a 13% increase in mean critical stress 
intensity factor (based on the mean fatigue precracked cleavage fracture 
toughness) at -170°C. Table 4.8 details the preload and fracture test results. 
The results are illustrated in figure 4.19, where the data is presented in terms 
of the number of preload cycles and final critical stress intensity factor. In this 
figure the as-received toughness data set was obtained by combining the two 
CT data sets presented in figure 4.14. 
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Local damage accumulation during the warm prestress event has been 
investigated previously by Reed and Knott (1992), who observed that large 
inclusions in the crack tip area were instigating the formation of large voids in 
the metal matrix. This is attributed to these inclusions experiencing large 
local stresses due to dislocation pile up mechanisms, which cause the 
inclusions to decohere from the surrounding material. Further plastic flow will 
cause neighbouring voids to coalesce into micro-cracks, which subsequently 
blunt on further loading. It was further suggested by Reed and Knott that 
these large inclusions could take no part in initiating fracture on reloading at 
low temperature and that fracture must initiate from smaller inclusions, which 
will require a larger applied stress to cause fracture. 
Figure 4.20 shows the fracture surface of a specimen subjected to a low proof 
load from a fatigue crack tip. The same fracture surface at higher 
magnification is illustrated in figure 4.21. This fracture surface is barely 
distinguishable from the as-received fracture surface detailed in figures 4.15 
to 4.18, however, under closer scrutiny in figure 4.22, small nucleated voids, 
formed during the preload step, are visible. This figure is directly comparable 
with figure 4.17. In overview, in figure 4.23, there is only limited numbers of 
these voids, however, and therefore low damage accumulates during a low 
proof load cycle 
4.4.3 Fracture Following Repeated Proof Loading in Load Control. 
A further two specimens were proof loaded repeatedly in load control. Figure 
4.24 illustrates the load versus displacement trace for specimen a9rpl. The 
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initial preload cycle was to approximately the same fraction of collapse as the 
initial cycle of the displacement controlled specimen, described earlier. The 
specimens were then cycled repeatedly between this load and zero load. The 
average preload stress intensity was 128.6 MPa'lm, or 105% of the collapse 
load of the specimens. The critical stress intensity factors obtained from 
specimens a9rpl and a10rpl were 122 MPa'lm and 123 MPa'lm respectively, 
an increase of 86% in the as-received cleavage fracture toughness. This also 
represents a large increase in toughness compared to the repeated 
displacement control specimens, which had been preloaded to far greater 
proportions of collapse than these specimens. Figure 4.19 compares the two 
sets of repeated proof load data to the single LUCF and as-received data. 
Repeated proof loading can be expected to cause greater damage to the 
microstructure of the material, as figure 4.25 illustrates. This is the crack tip 
region of the specimen, which has been fatigue precracked prior to proof 
loading. This specimen was cyclically proof loaded in load control. Crack tip 
blunting is evident when compared to figure 4.20. A significantly higher 
number of voids formed during the preload step are visible, however, these 
remain small, of approximately 10µm in diameter, figure 4.26. 
4.4.4 Fracture Following Repeated Preloading in Displacement Control 
Due to a shortage of material, it was only possible to perform two tests using 
this load history. The preloading procedure described in section 4.2.3 was 
used for these tests. Figure 4.27 illustrates the load versus displacement 
trace for specimen a8rpd. Two specimens, a7rpd and a8rpd, were preloaded 
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to a stress intensity of 153 MPa4m and 146 MPa'm respectively 
(approximately 131 % of the collapse load of the specimens), based on 
maximum applied load. When fractured at -170°C critical stress intensity 
factors of 93 MPa'lm and 87 MPa'm were obtained. This represented a 
37% increase on the as-received cleavage toughness of the steel. It should 
be noted that the total applied preload in this case was much greater than the 
total applied preload applied to the single preload specimens. The preload 
and fracture test details are given in table 4.9, with the results illustrated in 
figure 4.19. 
Repeated displacement controlled proof loading has a considerably increased 
influence on the local microstructure of the material, figure 4.28. At this 
magnification, the as-received and low proof loaded specimens, were seen to 
have very little damage. This figure shows the formation of micro-cracks into 
small macro-cracks, large amounts crack tip blunting and tearing clearly 
visible. Figure 4.28 shows a void nucleated around a small inclusion of 
diameter approaching 0.2mm within the cleavage fracture zone. Figures 4.29 
and 4.30 show that the cleavage event is initiated by small inclusions, rather 
than the large void visible at the bottom of the figure. Figure 4.31 provides an 
overview of the crack tip region following repeated proof loading in 
displacement control. The tearing zone, progressively extended during each 
preload cycle, contains voids that have coalesced into micro cracks at room 
temperature, when the yield stress was low enough to allow significant plastic 
flow to occur. The stretch zone was formed during the final preload step, with 
large numbers of voids of varying sizes being formed, but not joining together 
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to form micro cracks as seen in the tearing zone. The cleavage fracture 
event initiates beyond this damage zone in the relatively undamaged material 
at the front on the stretch zone. 
4.4.5 Fracture Following A Single Proof Load and Subsequent Crack Growth. 
Nine specimens were pre-cracked using the wire edm technique to a nof, inal 
a/W of 0.5. These specimens were then proof loaded to a preload stress 
intensity factor of between 120 MPaIm and 123 MPaJm. The wire edm 
technique provided greater control of the crack length of the specimens as the 
process was computer controlled. The applied preload stress intensity factor 
was therefore controlled to a much greater degree. Following the preload, 
applied in the normal manner, the specimens then had further crack 
extension introduced, again using the wire edm technique. The sub-critical 
crack extension was postulated to occur following unloading from the preload 
as this was considered to be the most likely in service cracking process, 
whether from fatigue crack growth or other crack extension mechanisms such 
as stress corrosion cracking. 
The added control allowed accurate and repeatable increments of crack 
extension that remained along the original crack plane. It was observed 
throughout the study that fatigue precracking lead to crack fronts being out of 
plane through the thickness. The edm process also eliminated interaction 
between cyclic fatigue loading and residual stresses arising from proof 
loading. Three different crack growth increments were used following proof 
loading: 0.5mm, 1 mm and 2.5mm. Three specimens of each crack increment 
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were used. The specimens were then fractured at -170°C following the 
earlier procedures. 
The results are presented in figure 4.32 as a function of the crack growth 
increment and failure stress intensity factor, and also in table 4.10. It is 
observed that the maximum toughness at -170°C, for a given crack 
extension, appears initially to increase and then decrease to a toughness 
close to the mean toughness for a single proof load. The minimum toughness 
values tend to decrease with increasing crack extension to reach a value 
close to that of the as-received cleavage toughness. 
4.5. A533B FRACTURE TESTING, B=6mm. 
In order to examine the effects of warm prestressing on thin specimens, a 
series of tests were performed on 6mm thick compact tension specimens. All 
other dimensions were maintained as before, with W=50mm and 
an a/W ratio of 0.5. This process was to achieve two main objectives. 
Firstly, by proof testing at room temperature, where ductility was high, these 
thin specimens were in a stress state where plasticity could occur through the 
section thickness. This stress state is known as plane stress. At the fracture 
temperature of -170°C, where the yield stress is high, the specimens were in 
a stress state where only limited plasticity could occur. This was due to 
material in the middle section of the specimen constraining the surrounding 
material, thereby limiting the spread of plastic deformation to the surface of 
the specimens. This stress state is known as plane strain. In Chapter 3, it 
was found that a thickness of 6mm was the minimum required thickness for 
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valid K, c results at -170°C. Therefore, a transition from plane stress during 
proof load to plane strain at fracture was occurring. The 25mm thick compact 
tension specimens were effectively in plane strain throughout their loading 
history, as even at room temperature, the material was well constrained 
across the section. 
11 
Secondly, this would provide results for finite element simulation under plane 
stress conditions. Repeated proof loading cycles were also applied to the 
specimens as before. All specimens examined at this thickness were edm 
notched. 
4.5.1 As-Received Fracture Testing At -170°C. 
Five specimens were fractured in the as-received condition at -170°C, 
following the same procedures described earlier. The results are given in 
table 4.11, and shown on figure 4.33. The average cleavage fracture 
toughness was 128 MPa im. This value is considerably higher than the mean 
toughness of the as-received 25mm thick specimens. There was a degree of 
scatter associated with the results. However, no previous data is available for 
6mm thick A533B steel specimens and so comparisons may not be drawn. 
4.5.2 Fracture Following Single LUCF Cycles. 
Six specimens were subjected to single LUCF cycles as before. The mean 
preload stress intensity factor was 103 MPa'm, and was equivalent to 96.3% 
of the collapse load of the specimens. Following fracture at -170°C, the 
mean critical stress intensity factor obtained was 174 MPa/m., This was an 
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increase of 36 % on the mean as-received cleavage fracture toughness. The 
results are detailed in table 4.12. There was a notable difference observed 
between the load versus displacement traces at the fracture condition for the 
25mm and the 6mm thick specimens, figure 4.34. It was observed that there 
was more non-linearity occurring prior to fracture in the 6mm thick specimens. 
Therefore, the critical stress intensity factor was evaluated based on the 
maximum. load achieved at fracture and also using the J integral values 
obtained from the experiments. Figure 4.35 illustrates the cleavage 
toughness following warm prestressing, Kjc,;,, based on the critical J value, 
J"ft. Figure 4.33 illustrates the cleavage toughness following warm 
prestressing based on the maximum load attained, Kmax" When comparing 
the as-received values in terms of maximum load toughness, Kmax, there was 
an increase of 36% on the mean as-received cleavage fracture toughness. If 
the comparison was based on equivalent stress intensity factors, as shown in 
figure 4.35, the apparent increase in mean equivalent cleavage toughness 
was 45%. The equivalent preload stress intensity factor evaluated using J 
increased by approximately 20% in comparison to the value calculated from 
maximum applied load. 
4.5.3 Fracture Following Repeated Proof Loading in Displacement Control. 
Three specimens were proof loaded repeatedly using the displacement 
control procedure as described earlier in section 4.4.3. The mean preload 
stress intensity factor applied was 116 MPa1m, equivalent to 108% of the 
collapse load. Following fracture at -170°C, a mean critical stress intensity 
factor of 121 MPa'lm was obtained. This represents a slight drop in critical 
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stress intensity factor of 5% compared to the mean as-received cleavage 
toughness, despite the high level of proof load applied. This is the first time 
that a reduction in critical stress intensity factor had been observed following 
proof loading under any conditions within this study. Figure 4.36 compares 
the results with the as-received and single LUCF results. Table 4.12 details 
the preload and fracture information. The preload and critical stress intQnsity 
factors were also evaluated using the experimental J integral values, figure 
4.35. The values of preload stress intensity factor increased by approximately 
75% for the repeated displacement controlled tests. The equivalent critical 
stress intensity factor increased by 12% compared to the value calculated 
based on maximum load. 
4.5.4 Fracture Following Repeated Proof Loading in Load Control. 
Three specimens were proof loaded repeatedly under load control following 
the procedures described in section 4.4.4. The mean proof load stress 
intensity factor (based on maximum load) for these specimens was 105 
MPa Im. This was approximately the same as the single proof load and 
roughly 100% of the collapse load of the specimens. Following fracture at - 
170°C a mean critical stress intensity factor of 153 MPastm was obtained, an 
increase of 20%. While this is a lower critical stress intensity factor than that 
obtained via the single proof load cycle, it is considerably higher than the 
value obtained following repeated proof loading in displacement control. The 
results in figure 4.36 and table 4.13 reflect these results. When the results 
were calculated using the experimental J integral results, the equivalent 
fracture stress intensity factors was increased. The preload stress intensity 
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factor was only increased by less then 5 percent, whereas the critical stress 
intensity factor was increased by 21%. These results are illustrated in figure 
4.35. 
4.6. SUMMARY OF EXPERIMENTAL RESULTS 
Monotonic loading of BS1501 steel has shown that the material exhibits'blear 
upper and lower yield points at all the temperatures examined. The material 
behaved in an elastic - perfectly plastic manner, except during one cyclic test 
at room temperature, where a small amount of hardening was observed 
following several loading and unloading cycles. The material was found to 
respond isotropically at 20°C and -70°C, with a strong Bauschinger effect at 
all temperatures. A533B steel was observed to have similar upper and lower 
yielding characteristics. This steel was seen to harden following yield, in 
contrast to the BS1501 steel. Previous studies had shown that A533B steel 
exhibits kinematic hardening under cyclic loading. This steel had a higher 
yield stress than the BS1501 steel at 20°C. The response of both steels 
under fracture conditions, showed that the critical stress intensity factor can 
be improved by preloading the materials at room temperature prior to 
embrittlement. Greater improvements in the fracture resistance of the steels 
were observed with increased preload levels. Repeated preloading in load 
control was observed to have little additional effect on the low temperature 
fracture toughness of the steels. Repeated proof loading in displacement 
control had no additional effect on the low temperature fracture toughness of 
BS1501 steel. However, it was shown that A533B steel had it's resistance to 
fracture reduced to levels approaching the as-received cleavage fracture 
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toughness following repeated proof loading in displacement control. The 
effects of specimen size on cleavage toughness in the absence of warm 
prestressing is clearly demonstrated when the as-received toughness of 
A533B Steel 25mm and 6mm thick compact tension specimens is compared. 
This thickness effect appears to be consistent throughout the experimental 
study. In thinner specimens, a reduction in mean fracture toughness, was 
observed following repeated preloading in displacement control. Limited sub - 
critical crack growth following a single preloading event at room temperature 
was observed to increase fracture toughness. If crack extension was 
sufficiently long no improvement in toughness following proof loading was 
found. 
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CHAPTER 5 
FINITE ELEMENT STUDIES 
Abstract 
This chapter describes the numerical investigations carried out 
to investigate the effects of warm prestress load histories on 
A533B steel. Elastic - plastic finite element studies were 
performed to provide an insight into the crack tip stress fields 
during the cycle and at fracture. Simulations of experimental 
fracture events preceded the use of the finite element method in 
predicting fracture following warm prestressing. A stress 
matching technique was used to predict fracture. It was found 
that the stress state outside the near tip stress field, was the 
controlling factor in the fracture event. 
5.1. INTRODUCTION. 
II 
The aims of these finite element studies were to investigate the response of 
cracked components to the proof loading cycles described earlier and to gain 
an insight into crack tip stress fields at fracture following proof loading. In the 
first instance, experimental load cycles and geometry's were examined and 
the crack tip stress fields investigated. Stress intensity factors were evaluated 
using the J integral estimation method available within ABAQUS (versions 5.3 
and 5.4), the finite element code employed throughout the study (Hibbitt, 
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Karisson and Sorenson, 1994,1995). Estimates of cleavage fracture 
toughness were also evaluated from the failure loads of the specimens. 
The earlier review of existing experimental work and analytical models has 
found that little finite element work has been performed to investigate the 
effects of proof loading. Comparisons between the analytical models and the 
experimental results have shown that there can be some difficulty in 
accurately predicting the effects of proof loading on the cleavage fracture 
toughness of the candidate steels unless a statistical approach is adopted. 
These finite element studies aim to investigate the stress state of a preloaded 
component at fracture, by examining the effects of as-received cleavage 
fracture toughness on the critical stress intensity factor following proof 
loading. 
A533B steel was the chosen material for the finite element studies, due to the 
large amount of tensile deformation and fracture test data available at the 
start of the finite element program. There were less data available for the 
BS1501 steel at that time. The proposed finite element studies would need to 
incorporate several factors to accurately simulate the proof loading and 
fracture events. At room temperature, the candidate material, A533B steel, 
has been shown to have high ductility and ultimate strength and therefore the 
effects of plastic deformation around the crack tip were considered. It was 
also necessary to model the elastic plastic response of the material in order to 
generate the compressive deformation in the crack tip region that occurs on 
unloading from the proof load. The J integral is defined only for a non-linear 
elastic material, and so when the specimens are unloaded, the validity of the 
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values estimated by ABAQUS is questionable where non - proportional 
unloading has occurred. It was therefore anticipated that some degree of 
interpretation of the J integral estimates provided by ABAQUS would be 
required. It was shown in the experimental section that the larger preload 
levels gave rise to high applied crack mouth opening displacements and it 
was therefore considered appropriate to investigate the influence of large 
strain as well as small strain theory on the finite element simulations. 
5.2 MATERIAL MODELLING IN ABAQUS. 
Figure 5.1 illustrates the experimental data compared to the idealised material 
properties at room temperature. The experimental data was extracted from 
Smith et al (1992), as the experimental data described in Chapter 4 did not 
become available until later in the program. Low temperature material data 
was scaled from the room temperature data using the Irwin relationship 
(1968) 
Gy=a y(1eT) + 
105 
491 + 1.8T -189 
N/mm 2 (5.1) 
where T is the temperature in °C. Therefore, for tests at -170°C, 
ßy = ßy(R,. ) +351 NImm2 (5.2) 
The post yield stress values were assumed to increase by this same margin, 
thereby ensuring no change in hardening characteristics with temperature. 
Later experimental results observed that this was not strictly the case. 
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Smith et al (1992), found that A533B steel under cyclic loading exhibited 
kinematic hardening, as described in Chapter 4. Within ABAQUS it is 
possible to model both isotropic and kinematic hardening materials. 
5.2.1 Isotropic Hardening within ABAQUS. 
The isotropic hardening model implemented within ABAQUS is illustrated in 
figure 5.2. The figure describes the expansion of the Mises yield surface 
following tensile yielding, for an isotropic material undergoing cyclic loading. 
The material is assumed to harden in a non-linear manner beyond the yield 
strength, ay, to a maximum stress, Qmaxt. At strains beyond C(amaxt), the strain 
at which the maximum stress is achieved, the material is assumed to respond 
in a perfectly plastic manner, as shown. On unloading from maximum load, 
the material is able to unload elastically by an amount 2x amaxt prior to the 
onset of yielding in compression, as the yield surface, of initial radius ay, has 
been expanded to have a larger radius amaxt. The maximum stress that can 
be achieved in compression, ßmax°, is therefore (ßy- 2x Crmax)" 
5.2.2 Kinematic Hardening Model As Implemented within ABAQUS. 
The kinematic hardening model is illustrated in figure 5.3. This figure details 
the Mises yield surface and the associated stress - strain curve for a material 
exhibiting kinematic hardening. Within ABAQUS, it is necessary to model the 
stress - strain response as a bi - linear relationship, with linear post yield 
hardening. This is achieved by specifying just two stress - plastic strain pairs 
in the input file, one identifying the yield point (zero plastic strain) and one 
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identifying the stress at the maximum plastic strain anticipated to be 
introduced to the model. 
On tensile loading, the material is assumed to yield in a smooth fashion, with 
no upper or lower yield points. The material then hardens at a constant rate, 
the hardening coefficient being defined as the gradient of the post yield 
portion of the curve. In contrast to the isotropic model described above, the 
kinematic model continues to harden at the same rate at strains beyond the 
maximum specified plastic strain. 
On unloading, as the yield surface is assumed of be of constant radius, the 
material unloads elastically by twice the tensile yield strength prior to the 
onset of yielding in compression. Figure 5.3 illustrates that the yield strength 
in compression following a tensile overload has been reduced to aYC2, from the 
original yield strength in compression, aycl, in the absence of a tensile 
preload. On reloading in tension, the yield strength is now the previous 
maximum stress achieved, a. Xt. 
There are therefore significant differences between the isotropic and 
kinematic hardening models as implemented within ABAQUS. 
5.3 DESCRIPTION OF GEOMETRIES ANALYSED 
Three different specimen geometries were analysed as part of this finite 
element study. Initially, a single edge notch bend bar (SENB) specimen, with 
span (S) of 220mm, thickness (B) of 12.5mm and width (W) of 50mm. This 
was used to reproduce previous finite element studies performed by Smith et 
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al (1992) who used the Welding Institute Finite Element System (WIFES) to 
investigate residual stress distributions in crack bars following an overloading 
event. They then compared their finite element predictions to experimental 
measurements of residual stress. 
The second part of this finite element study examined the same SENB 
geometry, but with larger dimension of S=400mm, B=50mm and W=100mm. 
This geometry was studied experimentally by Smith and Garwood (1990b). 
Finally, compact tension (CT) specimens, detailed in Chapter 4 were 
analysed. All of the above specimens were analysed in two dimensions using 
plane strain elements. The simulations of the small (B=12.5mm) SENB 
specimens also included plane stress simulations. All of these geometries are 
symmetrical about the crack plane, which allowed half models to be used in 
the analysis. Symmetry was exploited about the crack plane by constraining 
the crack plane in the normal direction. All the meshes were focussed on the 
crack tip. Crack length was consistently half of the specimen width. 
The meshes were suitably refined along the crack plane to enable accurate 
predictions of stress distributions to be obtained. The crack tip was modelled 
using degenerate quadrilateral elements in which the three nodes on one side 
of the element were collapsed onto a single point. The coincident nodes at 
the tip were free to move independently of each other. Equi-spaced mid-side 
nodes on the element sides radiating form the node cluster were chosen to 
produce the appropriate plastic stress singularity at the crack tip. Figures 5.4 
to 5.8 illustrates the mesh configurations for all the geometries analysed. 
Loads and reactions were assumed to act through single nodes as indicated 
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in figure 5.4 to 5.8. Figures 5.6 and 5.8 illustrate the crack tip configurations 
used when simulating a blunted crack tip in SENB and CT specimens. In both 
cases 20 elements were used around the quadrant of the crack tip modelled. 
The radius of curvature used was 0.1 mm in the case of the SENB specimen 
model (Figure 5.6) and 0.05mm in the CT specimen model (Figure 5.8). 
f 
5.4 INVESTIGATION OF RESIDUAL STRESSES IN CRACKED BEND 
BARS. 
5.4.1 Description of Analyses. 
Two dimensional plane stress and plane strain finite element studies of 
experimental load cases described by Smith et al (1992) were investigated, 
following the procedures detailed above. The mesh configuration illustrated in 
figures 5.4 and 5.5 was used in this study, assuming an element thickness of 
12.5mm. The aim of this study was to compare the results of the two studies 
such that the ABAQUS finite element code was then verified for the purposes 
of this work. The solutions obtained from the initial load step would provide J 
integral estimates, which would then be used to compare finite element crack 
tip stress fields using the analytical predictions of Hutchinson (1968) and Rice 
and Rosengren (1968), otherwise known as the HRR field. Hutchinson and 
Rice and Rosengren derived the analytical solution for the crack tip stress and 
strain field in the crack tip region. Their analytical solutions were based on a 
non-linear elastic material that can be represented using the Ramberg - 
Osgood power law relationship described in the following equation. 
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E6c 
-=-+a Ey QY ay 
(5.3) 
Hutchinson, Rice and Rosengren showed that the crack tip stress field can be 
described using a single scaling parameter J, equivalent to Rice's (1968) non 
- linear energy release rate. The following expression for the crack tip stress 





where ä, is a dimensionless function of 0 and n, In is an integration constant, 
a function of n and r is the distance ahead of the crack tip. Shih (1983) 
approximated / as 





for plane strain (5.5) 
for plane stress (5.6) 
This methodology allows the crack tip stress field to be characterised using a 
single parameter, J, the amplitude of the stress singularity being proportional 
to 1/rß"+') for limited distances ahead of the crack tip, within the plastic zone. 
For a linear elastic material, where n=1, the stresses become proportional to 
1/v'r, which is consistent with linear elastic fracture mechanics theory. 
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Under monotonic loading, the critical J integral, Jac, can be substituted into 
equation (3.4) to provide a prediction of the critical near tip stress distribution 






Preload and residual stress distributions obtained from ABAQUS were 
compared to those obtained experimentally and numerically by Smith et al 
(1992). The mesh configuration shown in figure 5.4 was used for this study. 
5.4.2 Isotropic Plane Strain Analysis. 
The specimen was loaded incrementally to a load of 51 kN, then fully 
unloaded. This coincided with the load applied in the experimental study by 
Smith et al (1992) The stress distribution normal to the plane of the crack, 
(0M2), at maximum load is illustrated in figure 5.9, compared to the predictions 
of Smith et al (1992) and the analytical HRR field, estimated using the 
average value of J extracted from the ABAQUS analysis. It is observed that 
the analytical HRR solution and the ABAQUS predictions of normal stress 
field are in excellent agreement in the crack tip region. The predictions of 
Smith et al (1992), referred to as WIFES in the legend, representing the finite 
element code used for those analyses. The WIFES predictions are observed 
to be in general agreement and any digression from the analytical or 
ABAQUS predictions are attributed to the lower mesh refinement and minor 
differences in the material behaviour input to the model. 
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Following unloading, the WIFES residual stress predictions are shown to be of 
similar magnitude in the far field as the ABAQUS predictions reaching a peak 
tensile stress of approximately 250 MPa, figure 5.10. Results obtained from 
neutron diffraction measurements by Smith et al (1992) and are also shown 
agree well with the different numerical predictions at distances well away from 
the crack tip. Close to the crack tip the predictions of all three solutions 
diverge. . The WIFES predictions of crack tip stress are shown to be 
approximately half the maximum stress predicted using ABAQUS very close 
to the crack tip. The neutron diffraction measurements, however, were 
observed to be significantly lower in magnitude than the WIFES, with the peak 
residual stress being measured at -200MPa approximately 1 mm ahead of the 
crack tip. The difference between the ABAQUS and WIFES crack tip residual 
stress magnitude is considered to be a factor of mesh density in the crack tip 
region. It can be seen from figure 5.10 that in the ABAQUS analyses, a 
significantly more refined mesh in the crack tip region was used. It is seen 
that the ABAQUS analyses averaged gauss point stresses over eight nodes, 
whereas the WIFES analyses averaged over only two nodes within 1.2 mm of 
the crack tip. 
Smith et al (1992) postulated that the kinematic hardening behaviour of the 
material was responsible for the difference between the numerical predictions 
and the experimental measurements, as the ratio of the maximum 
experimental compressive residual stress to the maximum predicted 
compressive stress obtained from WIFES was approximately 0.3. This was 
approximately the same as the Bauschinger effect observed under uniaxial 
loading conditions. 
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It was therefore considered appropriate for a kinematic hardening law, 
available within ABAQUS to be implemented in an analysis of the same 
problem. This allowed direct comparison between finite element studies and 
the experimental results, although the experimentally measured residual 
stresses were shown to be approximately 10% of the crack tip stress 
predicted by ABAQUS using isotropic hardening. .# 
5.4.3 Kinematic Plane Strain Analysis 
An identical analysis to that above was performed implementing the kinematic 
hardening law available within ABAQUS, described in section 5.2.2. 
The stress - strain pairs were carefully selected to ensure that the hardening 
response is as similar as possible to the isotropic hardening model. Figure 
5.1 illustrates the stress-strain curve used for kinematic studies. 
Figure 5.11 compares the crack tip stress distributions normal to the plane of 
the crack to the isotropic analyses at maximum load. It is observed that there 
is little difference between the two predictions of the crack tip stress field. The 
HRR field is therefore also in agreement with the kinematic model. Following 
unloading, the residual stress fields are noticeably different up to 0.4 mm 
from the crack tip, Figure 5.12. The ratio of the maximum kinematic residual 
stress to the maximum isotropic principal stress of 0.53 is greater than the 
experimentally observed Bauschinger Effect of 0.3 observed by Smith et al 
(1992). The residual stresses predicted by the kinematic analysis were of the 
magnitude predicted by the isotopic finite element study of Smith et al (1992). 
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5.4.4 Plane Stress Analysis. 
The results of the plane strain analyses showed that there was no agreement 
with neutron diffraction measurements of residual stresses close to the crack 
tip. A plane stress study of the same problem was then performed. The 
model was incrementally loaded to the maximum experimental crack mouth 
opening displacement (CMOD) used in the experimental study of Smith et at 
(1992) and then incrementally unloaded. 
Figure 5.13 illustrates the results of the isotropic and kinematic plane stress 
studies at maximum CMOD, compared to the numerical predictions of Smith 
et al and the analytical HRR predictions. It is observed that all three finite 
element predictions agree well, predicting the extent of plasticity up to 10mm 
from the crack tip. The kinematic study predicted higher stresses at the crack 
tip due to the very high strains imposed in this region. 
Following unloading to zero displacement, the crack tip stress distributions of 
the ABAQUS, WIFES and Neutron Diffraction studies differ significantly, figure 
5.14. Comparing the residual stress distribution obtained from the isotropic 
ABAQUS plane stress analysis with that obtained from the isotropic WIFES 
study, the maximum compressive stresses at the crack tip are shown to be of 
similar magnitude. However, it is seen that the WIFES analysis was not able 
to model the detail of the residual stress field due to lack of mesh refinement. 
Agreement between the two isotropic predictions is not observed within 1 mm 
of the crack tip. It is noticeable that the WIFES and the ABAQUS results are 
in very close agreement for distances greater than about 1 mm from the crack 
tip. It is evident that the neutron diffraction measurements were 
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approximately 20% of the maximum predicted compressive stress in 
comparison to the isotropic results. Further away from the crack tip, the 
experimental measurements were about the same as the numerical 
predictions, but do not agree to the same degree as the plane strain analyses. 
Comparing the kinematic plane stress study to the neutron diffraction results, 
it is seen that the predicted residual stresses were approximately one third of 
the measured stresses in the crack tip region. The lack of agreement 
between the experimental and finite element predictions indicates an apparent 
difficulty in measuring stresses accurately across small volumes of material. 
The low residual stress magnitudes measured by neutron diffraction are likely 
to be a factor of averaging effects across the high strain region. It is also 
shown in figure 5.14 that the extent of compressive deformation ahead of the 
crack tip was measured to within 1 mm of the finite element predictions. 
5.4.5 Summary of Residual Stress Investigations in Previously Loaded 
Cracked Bend Bars. 
The above analyses have shown that the residual stress state ahead of a 
crack tip in a specimen that had previously been overloaded in tension can be 
predicted using the finite element code ABAQUS. Validation of the results 
has been performed by directly comparing results obtained in a separate 
study using a different finite element code and also experimental 
measurements. It was found that the crack tip stress field at maximum 
preload can be predicted using the analytical approach of Hutchinson (1968) 
and Rice and Rosengren (1968), based on J integral estimates provided by 
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ABAQUS. Differences between the results of the original study and the 
results determined using ABAQUS illustrate the importance of mesh 
refinement in the crack tip region in accurately describing the stress field in 
this area. 
5.5. SIMULATION OF FRACTURE FOLLOWING WARM PRESTRESSING. 
5.5.1 Description of Analyses. 
The following analyses were all performed using load cases extracted from 
the literature, Smith and Garwood (1990b). The material studied was A533B 
steel, as modelled previously. The SENB geometry studied is described in 
section 5.3, using the configuration shown in figures 5.4 and 5.5. Finite 
element simulations of fracture were performed for the following experimental 
load histories: 
1. No previous loading, described as the As-Received condition; 
2. Fracture at low temperature following prior loading at a higher 
temperature, described as the Warm Prestressed condition. 
Experimental results for fracture at -120°C were selected and the loading 
conditions used in the studies. As the experimental specimens were large 
enough to satisfy thickness requirements for cleavage fracture toughness 
measurements, plane strain analyses were performed. The analysis 
simulating the LUCF cycle were performed in three discrete steps: 
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1. Loading of the specimen to the maximum experimental applied load at 
room temperature; 
2. Incremental unloading of the specimen at room temperature to zero load 
and 
3. Reloading the specimen at -120°C to the experimental fracture load. " The 
material properties were modified prior to starting the load step to simulate 
the change in temperature. 
The yield and ultimate tensile strengths used for this study were 495 MPa and 
735 MPa respectively at room temperature and 675 MPa and 910 MPa 
respectively at -120°C, following equation (5.2). The stress -strain curves 
illustrated in figure 5.1 were used for these studies, which were performed 
using both the isotropic and kinematic hardening laws described in section 
5.2. 
5.5.2 Simulation Of As - Received Fracture At -120°C. 
This simulation involved the monotonic loading of a cracked bend bar to the 
experimental fracture load of 173.9 M. Figure 5.15 illustrates the stress 
distribution in the remaining ligament directly ahead of the crack tip, normal to 
the plane of the crack. This stress distribution is compared to the HRR field, 
obtained using the value of J= 60 MPamm extracted using ABAQUS. This 
numerical prediction of J is lower than the experimental value of 66.9 
MPamm. The cleavage fracture toughness of this specimen was 117 MPaým. 
This difference was attributed to the analysis implementing plane strain 
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elements, thereby limiting the plasticity that can occur. In practice the 
specimen experiences more plasticity than is predicted in this analysis. The 
value of J obtained from ABAQUS is the average value of fifty contour 
estimates, where the contours extend to the surface of the specimen. It was 
considered appropriate to average the 50 contour estimates of J obtained, as 
path independence was observed in the evaluation of the contours, figure 
5.16. The stress field as predicted by the analytical HRR expression of near 
tip stress field, equation (3.4), using the average J value as described above, 
is shown to agree with the finite element prediction up to 0.4 mm from the 
crack tip in figure 5.15, 
It was also evident that there was little difference between the predictions 
obtained using isotropic and kinematic hardening laws. This was also 
observed in section 5.4. As described in section 5.4, Smith et al (1992) 
concluded that A533B steel responds in a kinematic manner following a 
tensile overload, and as such, the analyses described from this point onwards 
will all implement the kinematic hardening law except when stated otherwise. 
Having determined the as-received fracture response of the specimen at 
-120°C and compared the normal stress field successfully to the analytical 
predictions of Hutchinson (1968) and Rice and Rosengren (1968), simulations 
of fracture following warm prestress cycles of different magnitudes were 
performed and these are detailed in the next section. 
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5.5.3 Simulation of Fracture Events Following A Warm Prestress Cycle. 
Experimental load cases were selected from Smith and Garwood (1990b) who 
performed an extensive study into the warm prestress effect in 50mm thick 
A533B SENB specimens over a range of temperatures. Two load cases were 
selected for analysis, where fracture at -120°C was preceded by a warm 
prestress load cycle at room temperature. Both load cases selected were 
performed on specimens cracked in the L-T orientation with an a/W ratio of 
0.5. The two load cases differed in the magnitude of the preload applied. In 
the first case, load case A, the specimen was preloaded to a maximum stress 
intensity factor of 90 MPa im, which corresponds to a maximum load of 132.4 
M. The second load case, load case B, was preloaded to a maximum stress 
intensity factor of 153 MPa Im, a maximum load of 227 M. 
The normal stress distributions at maximum preload are illustrated in figure 
5.17, compared to the appropriate HRR fields, obtained using the J integral 
estimates obtained from ABAQUS. Figures 5.18 and 5.19 illustrate the extent 
of the plastic zone after each load step in case A and case B respectively. 
Figure 5.20 illustrates the residual stress distributions following unloading 
from maximum load. It is observed that for case A, the peak compressive 
residual stress was -1294 MPa, with the compressive deformation region 
extended 1.13mm from the crack tip. The maximum tensile residual stress 
was 138 MPa, occurring 2.26 mm in front of the crack tip. In case B, the peak 
compressive residual stress was 1280 MPa, fractionally lower than case A, 
however, the compressive region extended 3.1 mm ahead of the crack tip. 
The peak tensile residual stress was 241 MPa, 7.65 mm from the crack tip. 
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After unloading, reloading was carried out using material properties 
appropriate to the new, lower temperature. Figure 5.21 illustrates normal 
stress distributions at the respective fracture loads. From this figure the 
fracture stress distributions were observed to be in agreement up to 1.1 mm 
from the crack tip, which suggested that the as-received toughness and its 
appropriate stress distribution controlled the fracture process in some manner. 
Figure 5.21 also compares the fracture stress distributions to the HRR fields 
calculated using the J integrals obtained for this load step. Figure 5.22 
compares the J integrals for each fracture case as a function of contour 
distance from the crack tip. It is evident that there is a region of strong path 
dependence in the crack tip region for case B, beyond which the estimates 
become path independent. These regions of path dependence occur due to 
the non-proportional unloading that occurs in the crack tip region during 
unloading from the preload. Path independence is only observed in regions 
where elastic unloading has occurred and therefore the J integral validity 
requirements on unloading have not been violated. It is the average J 
integral value across the region of path independence that has been used to 
scale the HRR stress field in figure 5.21. It is shown here that the warm 
prestressed fracture stress fields are of the same magnitude as the as- 
received case at distances of up to 1.1 mm which is larger than the 0.4mm 
over which the HRR fields agree. Therefore the J integral alone cannot be 
used to predict the critical stress field. The lowest value of J would predict a 
stress field which matched in the near tip regions but not in the far field 
regions beyond the region of applicability of the HRR field. 
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Figure 5.23 illustrates this further, where the J integral chosen to evaluate the 
HRR field is the mean path independent J as shown in figure 5.22. There is 
good agreement between the as-received and reloaded stress fields close to 
the crack tip, but further from the crack tip, the stress field is still strongly 
influenced by the residual stress state. Fracture will not occur following warm 
prestressing until the residual stress field is overcome on reloading and the 
stress field is of the magnitude of the as-received stress field at distances 
greater than the plastic zone normally associated with controlling a cleavage 
fracture event, the extent of which is illustrated in figures 5.18 and 5.19. 
Prediction of fracture has been based on the matching of stress fields visually, 
without recourse to using the J integral as the fracture criterion. The use of 
the J integral has been limited to estimating a final stress intensity factor, 
rather than being used to predict a critical stress field on its own merits, as 
described by equation (5.7). 
5.5.4 Prediction of Fracture Toughness Following Warm Prestressing. 
The results of section 5.5.3 show that it is possible for the cleavage fracture 
toughness of a component be predicted by matching the stress field formed 
on reloading to the stress field corresponding to the material's critical stress 
intensity factor. Several finite element analyses were performed to examine 
this further by simulating pre-loading events of different magnitudes, 
unloading to zero load and reloading incrementally at low temperature. At 
each increment, the crack tip stress field was compared to the stress field 
corresponding to the as-received cleavage fracture toughness. Predictions of 
critical stress intensity factor were made based on the load achieved at the 
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increment where the stresses were considered to be in best agreement with 
the stress field for the as-received toughness. The final load step was 
performed at -170°C. The material properties were altered accordingly using 
equation (3.2) 
Five different preload stress intensities were applied to the same SENB 
geometry studied in section 5.5.3. These were 63.2,79.1,94.9,126.5 and 
158 MPa'lm at 20°C. The residual stress fields formed on unloading from 
each of these preload levels is illustrated in figure 5.24. It can be seen that 
the peak compressive residual stress is about the same in all five cases, while 
the region of compressive residual stress increases with increasing preload 
level. The materials' room temperature yield stress limits the peak 
compressive stress. The extent of residual compressive plastic deformation 
increased with preload stress intensity factor as the degree of plasticity 
imposed on preloading increased with stress intensity factor. These residual 
stress distributions can be normalised to provide a dimensionless residual 
stress distribution, figure 5.25. This shows that the residual stress distribution 
magnitude and extent is proportional to the stress intensity factor applied 
during the preload step. The as-received cleavage fracture toughness for 
A533B was chosen as 47.4 MPa'lm from a data set presented by Smith and 
Garwood (1990b) where fracture occurred at -170°C. An example of the 
method used to match the crack tip stress field is illustrated in figure 5.26 for a 
proof load of 63.2 MPa'lm. It can be seen that an excellent match is obtained 
with the as-received fracture stress field and the HRR field estimated by 
extracting the J integral from the path independent values output by ABAQUS. 
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This J value of 18.6 MPamm corresponds to an equivalent stress intensity 
factor of 62 MPa tm, which is in good agreement with the stress intensity 
factor of 66 MPa4m, based on load. This process of incremental loading until 
the best possible stress match was obtained was repeated for each of the 
different load cases and the results plotted on figure 5.27 as a function of K1, 
Kf and Kfz. Values of KfJ were obtained by selecting the average value the J 
integral estimates in the region where only elastic loading had taken place, as 
described in section 5.5.3. These J integral values were then converted to 
equivalent stress intensity factors using equation (3.7). It can be seen that the 
two estimates are within 8% of each other, with the numerical J predictions 
leading to more conservative predictions. 
The study was extended to examine the same proof load levels but different 
toughnesses at the same temperature in an attempt to investigate the effects 
of inherent scatter in the cleavage toughness exhibited in Chapter 4. A further 
three cleavage toughness values were selected from Smith and Garwood 
(1990b). These were 63.2,69.6 and 82.2 MPa Im. The same methodology 
was followed to predict failure stress intensities. All stress intensity factors 
presented are based on load unless otherwise stated. Figure 5.28 illustrates 
the stress intensity factors at the predicted failure loads. It is observed that 
the failure stress intensity factor, for a given level of preload increases with 
increased as-received cleavage fracture toughness. 
Page 108 
Chapter 5. Finite Element Studies. 
5.5.5 Comparison Between Predictions Using Isotropic and Kinematic 
Hardening Laws. 
The results of the FE analyses reported in the earlier sections were obtained 
using a kinematic hardening law. It was observed earlier in sections 5.4.2 and 
5.4.3 that the magnitude of the residual stress field for a given level of preload 
depends on the hardening model employed during the analysis. A study was 
performed to investigate the influence of hardening law on the warm prestress 
effect. This involved performing a complete set of analyses in the same 
manner for an as-received cleavage toughness of 47.4 MPa'lm. Figure 5.29 
illustrates the predictions based on isotropic and kinematic hardening laws. 
This figure clearly shows that there is no difference in the failure predictions. 
This strongly indicates that the peak compressive residual stress field does 
not influence the degree of benefit conferred by a given level of preload, as 
the peak stress is limited by the material model employed. This is consistent 
with the procedure used to predict the fracture event following warm 
prestressing, as the very near crack tip stress field is considered unimportant 
in the fracture event following warm prestressing. This is because the elastic 
stresses further ahead of the crack tip must also agree with the critical stress 
distribution, as defined by the cleavage toughness of the material in the as- 
received condition. 
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5.6 INFLUENCE OF BLUNTING ON WARM PRESTRESS EFFECT. 
Load cases taken from section 5.5.4 were used to examine the influence of an 
initially blunted crack tip on the crack tip stress field at fracture. The load case 
examined was that for an SENB specimen of the same global geometry as in 
the previous section, assuming an as-received cleavage toughness of 47.4 
MPa'lm. The same material properties as described in section 5.2.2 were 
used in these analyses, although large scale yielding was introduced to the 
model by way of the *NLGEOM flag in ABAQUS. This parameter allows the 
rotations of the nodes to be taken into account when evaluating nodal 
displacements from increment to increment. 
The crack tip was modelled as shown in figure 5.6, with a finite radius of 
0.1 mm. Eighteen elements were modelled around the crack tip, with the 
minimum element length of approximately 0.05mm directly . ahead of the crack 
tip. 
5.6.1 Normal stress field for as-received fracture in specimens with blunted 
crack tips. 
The stress field normal to the plane of the crack for as-received fracture is 
shown in figure 5.30, for both the blunt and sharp notched analyses. It can be 
seen that the near tip stress singularity does not persist in the blunt notched 
specimen, where it was observed to be dominant in the sharp crack analysis. 
Furthermore, the peak tensile stress for the blunt notch case is shown to 
occur at distances beyond those of the sharp notch case. As r increases, the 
two stress fields converge, at r=1 mm, both stress fields have an identical 
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distribution. It is observed that the peak tensile stress in the blunt notch case 
intersects the analytical prediction based on the HRR expression for a sharp 
crack and the ABAQUS J integral estimates. 
For both cases, ABAQUS provided path independent J integrals of 
approximately 9.6 MPamm, the slightly lower prediction of J for the sharp 
crack tip model, illustrated in figure 5.31. Figure 5.32 shows the stress 
distributions of both sharp and blunt crack tip models in dimensionless 
quantities. Both axes are normalised in such a way that results can be 
compared from different cases, providing small scale yielding can be 
assumed. The analytical HRR prediction, based on J Integral estimates 
obtained from the finite element analyses, is also illustrated in figure 5.32 to 
show the loss of J dominance in describing the crack tip stress field in the 
presence of a blunted crack tip. 
For the case where a sharp crack tip was modelled, the J integral has been 
shown in figure 5.32 to be descriptive of the as-received fracture stress field in 
the crack tip region, for distances up to 0.5x(r cry/J). In the case of the blunted 
crack tip, the analytical HRR field is shown to deviate from the numerical 
prediction, for distances less than approximately 1.5x(r ay/J). This concurs 
with the findings of McMeeking and Parks (1979) who showed that the HRR 
fields are only valid at distances greater than approximately twice the CTOD, 
or approximately 1. Ox (r ay/J) where blunted notches are analysed. 
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5.6.2 Validation of stress matching technique for prediction of fracture in 
blunt notched specimens following warm prestressing. 
Having obtained numerical predictions for the crack tip stress field at fracture 
for a blunt notched specimen in the as-received condition, the influence of 
warm prestress load cycles on the cleavage toughness of blunt notched 
specimen was then investigated. The mesh configuration described in section 
5.6.1 was implemented in this study. 
The specimen was preloaded at room temperature to 63.2 MPaslm and 
unloaded to zero load. The specimen was then reloaded until the stress field 
was matched, using the same incremental loading technique implemented in 
section 5.5.4. The stress distribution normal to the plane of the crack at 
maximum preload and at zero load following unloading from the preload are 
illustrated in figure 5.33, and is compared to the stress distributions from the 
sharp crack case. At maximum preload, the stress distribution is compared to 
the HRR prediction defined using the estimate of J extracted from ABAQUS. 
It is observed that the stress distribution close to the crack tip is not defined by 
the J based HRR expressions, as observed in the preceding section where 
as-received fracture was discussed. The magnitude of the stress field at 
distances, say r> 0.3mm, where the HRR expression deviates from the sharp 
crack tip stress field can be described by modifying the HRR expression. The 
modification involved changing the value of the work hardening coefficient, n, 
in equation (5.7) from 12.5 to 1, such that the HRR expression then 
represents elastic material behaviour. Modification of n also modifies the 
value of the integration constant In in equation 5.7, as this parameter is a 
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function of n, equation (5.5). Figure 5.33 shows that the stress field, at 
distances of great than 0.3mm from the crack tip, varies as 1/4r, in 
accordance with LEFM theory. 
The residual stress field distributions for the blunted and sharp crack tip 
configurations are also shown in figure 5.33, following unloading from the 
preload at room temperature. This residual stress distribution is seen to differ 
in form in comparison to the sharp crack case close to the crack tip. For the 
blunted crack configuration, the crack tip stress is shown to be approximately 
-500 MPa, and the peak compressive stress -1000MPa at approximately 
0.2mm from the crack tip. The compressive region extends to 0.55mm from 
the crack tip, which is observed to be identical to the sharp crack tip case. In 
the sharp crack tip case, the peak crack tip residual stress is observed to be 
-1000 MPa, double that of the blunted crack tip, with the peak compressive 
residual stress of -1170 MPa 0.02mm from the crack tip. Therefore, crack tip 
blunting and large deformation theory only have an influence on the very near 
crack tip stress distribution during and following a preload event. 
In order to validate the applicability of the stress matching technique for 
predicting fracture following a warm prestress event, it is necessary to 
compare the fracture stress distributions for the sharp and blunt notched 
models with the respective as-received fracture stress distribution. These 
distributions are illustrated in figure 5.34. 
It is shown in figure 5.34 that the blunt notch as-received and warm 
prestressed fracture stress fields match for distances up to 0.3mm from the 
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crack tip. The matching distance, /'match, for the blunted case was observed to 
be greater than for the sharp notch case. It was observed from figure 5.34 
that the distance over which stresses were matched exceeds the distance 
over which the HRR field matches the stress distribution. This confirms the 
findings of section 5.5.4 where it was shown, for sharply notched specimens, 
that the stress field would need to be matched beyond the region of 
applicability of the HRR expressions. 
5.6.3 Simulation of fracture in Compact Tension Specimens with blunt 
notches. 
Further simulations of fracture following a warm prestress were performed to 
investigate the fracture conditions in 25mm thick compact tension (CT) 
specimens with blunted crack tips. Experimental results obtained from 
experiments on 25mm thick CT specimens, presented earlier in Chapter 4 
were used to provide an input to the simulations. The material properties as 
described in section 5.2.2 were used in these analyses. The mesh used for 
these analyses is illustrated in figures 5.7 and 5.8, where the crack tip was 
assumed to have a radius of 0.05mm, which represented half the diameter of 
wire used in machining the edm notch in the experimental specimens. Plane 
strain elements were used throughout the simulations. 
The simulations involved loading the model to the experimental preload and 
fracture load levels of abl n and ab5wps. Specimens abl n was fractured in 
the as-received condition at -170°C and specimen ab5wps as preloaded at 
Page 114 
Chapter 5. ' Finite Element Studies. 
room temperature, unloaded to zero load, cooled and reloaded to fracture at 
-170°C. Table 5.1 details the loading conditions for this series of simulations. 
Figure 5.35 illustrates the fracture stress distribution of specimen abl n 
compared to the HRR prediction based on the J integral estimate obtained 
from the simulation. It can be seen that the same features were exhibited in 
the compact tensions specimen as were observed in the blunt notched SENB 
specimens. The stress field close to the crack tip is reduced due to the blunt 
notch and deviates from the HRR solution in the near tip region. The peak 
stress is achieved at a distance consistent with the theory of McMeeking and 
Parks and the previous findings of section 5.6.1, figure 5.36. Figure 5.36 
illustrates the as received fracture stresses normalised by yield stress, and 
the distance ahead of the crack tip r, normalised by J and yield stress. Figure 
5.37 illustrates the fracture stress fields in the as-received and warm 
prestressed conditions. It is observed that these stresses match for distances 
of up to 0.5 mm ahead of the crack tip, greater than the distance over which 
the HRR field agrees with the numerical distribution. 
5.7 SIMULATION OF FRACTURE FOLLOWING WARM 
PRESTRESSING AND SUB-CRITICAL CRACK GROWTH. 
Experimental work in Chapter 4 studied the effects of sub-critical crack growth 
on the warm prestress effect. A program of simulations was embarked upon 
to investigate the use of the stress matching criterion to simulate fracture 
following a warm prestress event and sub-critical crack growth in compact 
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tension specimens. The simulations were performed in three discrete steps 
as before, however the boundary conditions of the model were varied 
throughout the analysis. The simulation of sub critical crack extension was 
achieved by releasing nodal constraint in the plane of nodes ahead of the 
crack tip, up to the required distance in front of the crack, figure 5.38. The 
crack extension was performed at zero load and therefore in the presence of 
compressive residual stresses. It was necessary to constrain the new free 
surfaces from crossing the plane of symmetry, while still being free to displace 
away from the symmetry plane. This was achieved by the introduction of 
contact surfaces on the crack plane. It was assumed that the contact 
elements on the crack plane would simulate a rigid surface. This surface was 
termed the master surface. The nodes of the elements in the crack plane of 
the original mesh were used to define the slave surface, which was 
considered to be deformable. The master - slave surface contact formulation 
implemented within ABAQUS does not allow penetration of the master 
surface by the slave surface. As additional non linearity has been introduced 
to the problem, severe discontinuity iterations are performed within the finite 
element code to calculate the distance between the integration points of the 
deformable and rigid surface elements. If this distance is positive, then there 
is no contact occurring. If the distance is zero, then contact is occurring and 
the normal pressure between the deformable and rigid surface is transmitted. 
Several of these iterations are performed to ensure that the stresses and 
displacements of the entire model are in equilibrium. Friction between the 
contact surfaces was neglected. 
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Throughout this programme, small strain theory was implemented although 
the original crack tip was modelled using a finite radius mesh. This radius was 
0.05 mm, as shown in figure 5.9. 
Initially, simulations of experimental fracture events following warm 
prestressing were performed to investigate the influence of sub critical crack 
growth on the fracture stress field. These experimental fracture stress fields 
were compared to fracture stress fields obtained for the extended crack length 
in the as received condition. 
5.7.1. Simulation of Experimental Fracture Events Involving Sub-Critical 
Crack Growth Following Warm Prestressing. 
Simulations of experimental Load - Unload - Crack Growth Cool - Fracture 
events were performed for specimens 4596,6596 and 12596. Details of the 
experimental conditions for each of these specimens is given in Table 4.10. 
All the specimens were preloaded to approximately 120 MPa'lm and then 
unloaded. Sub critical crack extension was achieved by releasing nodes on 
the crack plane ahead of the crack tip for distances equal to the crack growth 
increment imposed experimentally. The residual stress field following 
unloading, prior to crack extension is illustrated in figure 5.39. The positions 
of the respective crack tip positions for each of these specimens is indicated 
on figure 5.39. It can be seen that the extended crack tips of specimens 4596 
and 6596 extended approximately half way across the residual compressive 
region. The extended crack tip of specimen 12596 is seen to extend through 
the compressive stress field and into the region of tensile stress. It can be 
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seen from figure 5.39 that the crack tip was close to the position of maximum 
tensile residual stress. 
Figures 5.40 and 5.41 illustrate the stress distributions of specimens 4596 and 
6596 at fracture at -170°C. - These stress fields have been matched to 
fracture stress distributions for specimens in the as-received condition, with 
crack lengths equal to those of each specimen. This stress matching was 
attempted for a range of toughnesses between 40 MPa'lm and 85 MPa Im. 
This range of as-received toughnesses represented the distribution of 
experimental as received toughness for fatigue precracked and edm notched 
specimens. It was noted that the range of toughness obtained for the edm 
notched specimens was based on limited data (three specimens). It was 
therefore possible that the distribution of cleavage toughness for edm notched 
specimens could extend higher than the maximum obtained toughness of 85 
MPa /m. 
It can be observed from figures 5.40 and 5.41 that the two fracture stress 
fields can be matched to stress fields representing as received cleavage 
toughnesses of 40 MPaslm and 85 MPa Im respectively. 
Figure 5.42 illustrates the fracture stress distribution of specimen 12596. This 
specimen had a growth increment of 2.57mm which extended the crack tip 
into the region of tensile residual stress. The fracture stress field for an as 
received toughness of 85 MPa4m is compared to the stress field of specimen 
12596. It is observed that the stress distributions only agree in the region of 
the peak stress. This limited degree of matching between the stress field 
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does not allow the continuation of the stress matching technique used for the 
specimens where crack extension was within the compressive residual stress 
region. The fracture stress distribution of specimen 12596 was matched to 
the stress distribution for a specimen of cleavage toughness of 113 MPalm. 
It can be seen from figure 5.42 that the stress distribution for that toughness 
matches the stress distribution of specimen 12596 closely, except at 
distances within 1.5mm of the extended crack tip. 
While there was no experimental justification for matching this higher as 
received toughness stress distribution to the fracture stress field of specimen 
12596, there was no evidence in the literature that could justify matching the 
peak crack tip stress distributions of an as-received specimen with that of a 
specimen that had been warm prestressed. The matching of the higher as 
received cleavage toughness provides a more justifiable means of predicting 
the fracture toughness of a specimen following warm prestressing and sub 
critical crack growth. The only assumption that has been taken is that the 
cleavage toughness distribution of edm notched specimens extends to 
toughnesses greater than those obtained from a limited experimental testing 
program. 
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5.8. Prediction of Cleavage Fracture Following Warm Prestressing and 
Sub-Critical Crack Extension. 
5.8.1 Description of Analysis Methods. 
Following the simulations of experimental fracture events following warm 
prestressing and sub critical crack extension the results of the previous 
section were used to predict the effect sub critical crack growth on cleavage 
toughness following warm prestressing. This stage considered twenty one 
different toughness and crack extension combinations. Table 5.2 details the 
matrix of toughness and crack growth increments studied. Three as-received 
toughness levels of 40,60 and 85 MPa'lm were selected as representative of 
the range of toughness obtained experimentally in Chapter 4 for this 
geometry. A single proof load of 120 MPa 1m, corresponding to the 
experimental proof load, was applied to the specimen, which was then 
unloaded. Nodes on the crack plane were released to represent different 
crack extensions up to a maximum of 4mm from the crack tip prior to 
reloading. 
The techniques used in predicting the cleavage toughness of the specimens 
following warm prestressing and sub critical crack extension prior to reloading 
at zero load were based on the findings of section 5.7.1 and were as follows. 
  For crack growth increments that resulted in the new crack tip being 
contained within the extent of the residual compressive stress distribution, 
the stress matching technique used in section 5.5.4 was applied. The 
stress ahead of the crack tip was matched with the as-received stress 
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distribution toughness for that crack length for as great a distance as 
possible. 
  For crack growth increments that resulted in the extended crack tip being 
contained within the region of tensile residual stress, the stress fields of 
the warm prestress specimens were matched to the as received stress 
field for that crack length. The criterion applied was that at no point ahead 
of the crack should the stress distribution be greater than the as-received 
distribution. 
5.8.2 Definition of as -received stress fields for as received fracture. 
As described above, three as received cleavage toughnesses were selected 
to predict the cleavage toughness following warm prestressing and sub critical 
crack extension. It was necessary to calculate the stress field for each 
cleavage toughness and crack length such that the stress fields could be 
matched with confidence. Therefore, a critical stress distribution for each 
crack length and as received cleavage toughness was obtained. Figure 5.43 
illustrates the as received critical stress distributions for crack length 
increments of 0.3mm, 0.7mm, 1 mm, 2mm 3mm and 4mm. It is observed that 
the peak stress magnitude reduces with increasing crack extension 
increment. 
Figure 5.44 presents the same data as figure 5.43, with the distance ahead of 
the original crack tip normalised by subtracting the crack growth increment 
from the distance ahead of the original crack tip. It is shown that a single 
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master curve is obtained for this cleavage toughness. This curve can 
therefore be normalised further with respect to K, c and ay, figure 5.45. This 
curve provides a means of determining the critical stress distribution for a 
given toughness, crack length, and crack growth increment. 
5.8.3 Prediction of cleavage toughness following warm prestressing and sub 
critical crack growth. 
This section presents predictions of cleavage toughness following warm 
prestressing and sub critical crack extension for the conditions described in 
section 5.8.1. 
Figures 5.46 to 5.53 illustrate the predicted stress distributions for each crack 
growth increment, during reloading and for cleavage fracture at -170°C, 
based on an as-received cleavage toughness of 85 MPaJm. For the 
condition where no sub critical crack growth occurs, a failure stress intensity 
of 120 MPaqm is obtained. The stress fields for the as-received and warm 
prestressed distributions are matched for distances up to 1mm from the crack 
tip, figure 5.46. 
For a crack growth increment of 0.3mm, figure 5.47, which positions the new 
crack tip at the position of maximum compressive residual stress, the as- 
received stress distribution and the final stress distribution for the warm 
prestressed specimen can be matched at a failure stress intensity of 153.7 
MPa Im, with matching achieved up to 0.7mm ahead of the original crack tip. 
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In this case, it is observed that compressive stresses are obtained directly 
behind the new crack tip , indicating that the crack faces are closed. This is 
due to the fact that the stresses are obtained for the first plane of nodes that 
are fully contained within the mesh. Nodal averaging results in these 
compressive stresses being predicted. Figure 5.48 illustrates that at the 
predicted failure increment, the crack faces are not in contact. 
Figure 5.49 illustrates the predicted stress distribution following 0.7mm sub 
critical crack growth. The new crack tip is still contained within the residual 
compressive region and also the residual plastic zone, which extends up to 
0.8mm from the crack tip. Failure is predicted to occur at Kapp = 127.8 
MPa-/m. 
Figure 5.50 illustrates the predicted distributions following 1 mm sub critical 
crack growth, which is inside the compressive residual stress zone, but 
outside the compressive plastic zone. Failure is predicted to occur at Kapp = 
120 M Paqm. 
Figure 5.51 illustrates the distribution for a crack growth increment of 2mm. 
The crack tip is now in the tensile residual stress region and therefore a 
reduction in the failure stress intensity factor would be expected due to these 
tensile residual stresses. The failure stress intensity factor is predicted to be 
Ki = 94.2 MPa'lm. 
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Following 3mm sub critical crack growth the new crack tip is at the position of 
peak tensile stress ahead of the crack tip. In order to obtain a match it was 
necessary to match the entire distribution with the as-received distribution. 
Figure 5.52 illustrates the increment immediately prior to fracture, the failure 
stress intensity factor predicted as being 42 MPa 1m. 
Sub critical crack extension of 4mm represents little change from the above 
condition and uses the same matching technique as for the above case, figure 
5.53. There appears to be little change in the prediction for this crack growth 
increment, the predicted failure stress intensity factor being 42 MPa Im. 
The same procedure was also applied to provide predictions for as received 
toughnesses of 40 MPa'lm and 60 MPa Im. Figure 5.54 illustrates the 
predictions for Kf as a function of crack growth increment and as received 
cleavage toughness and compares the results to the experimental results 
presented in table 4.10. 
The predictions are shown to follow the same trends as the experimental 
results. Some of the experimental results exhibit failure stress intensities in 
excess of those predicted by the finite element predictions. These results 
therefore suggest that the cleavage toughness distribution for specimens that 
have been edm notched was more extensive than the distribution obtained 
from the limited experimental study, as discussed in section 5.7.1. 
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Figure 5.55 illustrates the technique used to match peak crack tip stresses in 
order to obtain a prediction of cleavage toughness following warm 
prestressing an sub critical crack growth prior to loading to fracture. This 
technique is based purely on the results of the simulations of experimental 
fracture events such as those illustrated in Figures 5.41 and 5.42. This stress 
matching procedure was repeated for all the load cases described above 
where far, field stresses had been matched and a new set of predictions 
obtained. These are illustrated in Figure 5.56. It is observed in Figure 5.56 
that the finite element predictions obtained from matching the peak crack tip 
stress exhibit greater agreement with the experimental data than those 
predictions obtain by matching the far field stress. The lower bound finite 
element predictions are observed to agree well with the lower bound 
experimental results for crack extensions of up to 1 mm . 
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CHAPTER 6 
ANALYSIS OF CLEAVAGE TOUGHNESS DATA 
AND FINITE ELEMENT PREDICTIONS. 
6.1 INTRODUCTION. 
Scatter within experimental cleavage toughness data was identified in section 
2.5.3. The work of authors such as Weibull (1951), Wallin(1984) and 
Anderson and Stienstra (1986) provide us with statistical approaches that use 
weakest link theory as their basis to describe the distribution of cleavage 
toughness data. In order to analyse the experimental data gathered during 
this study, and to compare this data with results from the literature, a single 
model of cleavage fracture has been selected and developed for use 
throughout this analysis of warm prestress effects in ferritic pressure vessel 
steel. The model of cleavage fracture selected was that proposed by Wallin 
(1984). In this Chapter, this model will be briefly developed before being used 
to describe the various distributions of cleavage toughness obtained as part of 
this study. 
Finite element predictions of cleavage fracture obtained in Chapter 5 are 
compared to analytical models described in Chapter 2. The predictions are 
also compared to experimental data obtained from a variety of sources. The 
predictions for cleavage fracture toughness following warm prestressing and 
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sub critical crack growth are also compared to analytical models and 
experimental results. 
6.2 GENERAL STATISTICAL MODEL FOR CLEAVAGE FRACTURE 
INITIATION 
The basis of the statistical model is presented in figure 6.1. It is assumecj that 
an element of material in the region of the crack tip contains a number of 
randomly distributed particles capable of initiating cleavage fracture or 
cleavage initiators. The cumulative probability distribution (CPD) for a single 
initiator being critical can be expressed as 
CPD=P(azaj (s. 1) 
This cumulative distribution function forms the basis of the 'weakest link' 
theory proposed by Weibull (1951). In the case of cleavage fracture, this 
cumulative distribution function is a complex function of initiator size and 
distribution, stress, strain, grain size, temperature and applied loading rates. 
For the case of the sharp crack, Wallin (1991) assumed that the initiator 
distribution and origin was not important, providing that it was assumed that 
no global interaction between the cleavage initiators occurs. That is to say 
that only local interactions are permitted. Thus, a cluster of cleavage 
initiations may be required for macroscopic initiation. In such a case, the 
cluster of initiators can be considered to be the critical initiator and therefore 
the initiation treated as a single event. Also, this assumption did not cause 
any restrictions to be placed on whether initiation or propagation is the most 
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critical event. All the above factors can be neglected as long as no attempt is 
made to determine the shape of the distribution. 
Wallin (1991) expressed the cumulative failure probability of a volume 
element with a uniform stress state as 
Pf =1-{1-P(azac)}N,. 
V (6.2) 
where N is the number of initiators in a unit volume and V is the volume of 
the element. In the case of several independent homogeneous volume 
elements, with size V, having different states of stress the total cumulative 
probability becomes 
n Nv 
P, =1-exp>V, "In{1-P, (azac, )} (6.3) 
where n is the number of elements. 
Equation (6.3) contains the limiting assumption that the volume elements are 
homogeneous, i. e., the number of cleavage initiators in a volume element is 
defined as N= Nv xV. In reality, the initiators are randomly distributed, which 
causes N not to be constant, but Poisson distributed (Wallin, 1991). 
Incorporating the Poisson distribution into equation (6.3 ) and performing the 
single summation, the probability of initiation in one volume element becomes 
P, =1-expl 17 "P(azac)] (6.4) 
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where N is the mean number of initiators in a unit volume element. Thus the 
form of equation (6.3), when assuming randomly distributed initiators is 
R_ 
P, =1-exp -i-V, "P(a _ aj 
(6.5) 
r=s 
where N is the mean number of initiators per unit volume. 
U 
Wallin then develops the model by incorporating the stress and strain 
distributions described by Hutchinson (1968) and Rice and Rosengren (1968) 
(the HRR expressions) for a sharp crack in small scale yielding. One property 
of the HRR field is the angular dependence of the stress field. Thus the 
stress field can be divided into small fan-like elements with an angle 
increment AO as shown in figure 6.2. In this case Wallin (1991) showed the 
failure probability to be 
P, =1-expE 
{±_i7Y, 
"B"dx"x"sin(/O)"P(aZa, ) (6.6) 
e-o x-o 
where the volume element size in the x direction, described by Ax, must be 
larger than the initiator size a and B is the thickness of the sample. The 
double summation indicates that the summation is performed over the whole 
plastic zone. 
Due to the properties of the HRR field, it is possible to normalise the distance 
ahead of the crack tip with the stress intensity factor as follows 
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v. X (6.7) 
KI /a 
y2 
When equation (6.7) is inserted into equation (6.6), and the double summation 
performed, the cumulative failure probability becomes 
P, =1-exp(- const. "B"K; (6.8) 
The constant term in equation (6.8) is a result of the double summation in 
equation (6.6) which is always negative and independent of K1. The scatter of 
fracture toughness is therefore independent of the cleavage initiator 
distribution and Wallin (1991) made no assumptions in developing this theory, 
save that the initiators behave independently on a global scale, or in other 
words, it is assumed that the volume elements are independent for a given K,. 
This distribution function assumes that the cleavage fracture process zone is 
equivalent to the plastic zone. Wallin (1991) states that this expression is not 
sensitive to the definition of the process zone as long as it is assumed that the 
process zone size correlates with K1, CTOD or J. Equation (6.8) is identical to 
the Weibull (1951) distribution function: 
P, =1- exp(- nq (x)) (6.9a) 
where n is the number of cleavage initiators in this context and so(x) is the 
distribution of cleavage initiators (in this context). The function 9(x) is defined 
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The Weibull probability function has a variable shape function, m, whereas the 
equivalent term in the Wallin probability function is fixed at a value of 4. The 
result presented by Wallin(1991), equation(6.8) is not related to Weibull 
statistics in any way but to assume that failure occurs by a weakest link 
mechanism. 
't 
In developing this theory further, Wallin introduces a lower limiting value of K, 
Kmin. below which cleavage fracture is considered impossible. This factor was 
introduced as equation (6.8) implies that an infinitesimal K, value might lead to 
a finite failure probability. For very small K1 values, the demand for Ax to be 
clearly larger than the initiator size is violated. Also for very small K, the 
stress gradient at the crack tip becomes so steep that even if cleavage 
fracture can initiate, it will arrest almost immediately. 
Allowing for Kmin the equation describing fracture toughness scatter was re- 
written by Wallin (1991) as follows: 
Pf =1- exp -B 





where Bo and KO are normalisation constants. The normalisation thickness Bo 
can be made equal to any desired reference thickness. The scale parameter 
Ko corresponds to a 63.2 percent fracture probability, for thickness Bo and is 
approximately given by Ko=1.1 xKmean" 
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6.3 ANALYSIS OF EXPERIMENTAL DATA 
Smith and Garwood (1990b) present two sets of data for A533B steel fracture 
at -170°C: one in the as-received condition and one in the warm prestressed 
condition. This statistical nature of this data is analysed using the general 
statistical model for cleavage fracture proposed by Wallin (1991) and 
described in section 6.2. Data obtained by Smith and Garwood for fracture at 
-100°C is also examined here. This is previously unpublished data. 
Equation (6.10) was fitted to the as-received cleavage toughness data for 
A533B steel at -100°C and -170°C as shown in figure 6.3. When fitting these 
two data sets to equation (6.10) Kmin and Ko were the free variables used in 
the curve fitting procedure. Kmin and KO at -170°C were 8.91 and 64.2 
MPa Im respectively and 82.5 and 163.7 MPa'lm respectively at -100°C. The 
values of Km;,, determined from the curve fits were found to be within 1% and 
5% of the experimental minimum values at -170°C and -100°C respectively. 
The ability of the statistical model to describe the distribution of cleavage 
toughness at both temperatures has been shown to be good. The next step 
was to extend the model to describe the distribution of cleavage toughness 
following warm prestressing. It is clear from figure 6.4, which illustrates the 
cleavage toughness distribution function following a warm prestress load 
cycle for fracture at -170°C, that the minimum toughness following warm 
prestressing has increased and that the 63.2% value of toughness has also 
increased. Therefore, it was considered appropriate to use an analytical 
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model of the warm prestress effect to modify the parameters Km; n and Ko to 
describe the upward shift in toughness. The Chell model was used to predict 
the change in cleavage toughness at -170°C for a prestress event of average 
magnitude of 89 MPa im. The Chell model can also be presented as a 
'design curve' when presented in terms of K, /K, c and K/KIc, as illustrated in 
figure 6.5 for specific values of the yield stress. The values of K1 equivalent 
to K,,;, and Ko in the as-received toughness distribution were modified using 
the Chell model (equation (2.21)). For the average proof load, the ratios of 
Ki/Kmin and K1/Ko for fracture at -170°C are 9.98 and 2.33 respectively. Using 
equation (2.21) or figure 6.5, values for Kof and Kminf of 91.2 and 20.78 
MPa tm are obtained respectively. Using these values in equation (6.10) the 
predicted distribution is close to the experimental results as shown in figure 
6.4. The ratio of K0 (obtained by fitting equation 6.10 to the distribution) from 
experimental results to the predicted Kof is 1.14. 
A similar analysis was applied for the LUCF cycle with fracture at -100°C. 
The results are shown in figure 6.6. In figure 6.6 it is observed that the 
predicted cleavage toughness distribution following warm prestressing is in 
very good agreement with the experiments at -100°C. The ratio of the 
experimental to predicted Ko is 0.965. This prediction is marginally non- 
conservative (3.5%) based on the limited data set available. 
The same analytical method was applied to cleavage toughness data 
obtained from BS1501 steel in the as-received and warm prestressed 
conditions. The results are illustrated in figure 6.7. The as-received 
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toughness distribution is comprised of data obtained from two different 
experimental studies. Six data points were obtained from 50mm thick SENB 
specimens, presented by Bell (1992). This material was of the same plate as 
the 25mm thick CT specimens tested and described in Chapter 4. The two 
data sets were combined as there were too few points in either data set to 
accurately describe the distribution of cleavage toughness in the as received 
condition. The warm prestressed data set is comprised solely of data 
obtained from 25mm tick compact tension specimens, all of which are detailed 
in Chapter 4. 
The prediction of the combined Wallin and Chell theory as previously 
implemented is compared to the experimental distribution in figure 6.7. It is 
shown that the combined approach predicts a lower cleavage toughness 
following warm prestressing than the experimental results show to be the 
case. However, the result, if characterised by comparing the ratio of Kof 
(predicted) to Kof (experimental) is 0.9. The predictions are therefore within 
10% of the experimental values. 
Figures 6.8 to 6.10 illustrate each of the above data sets normalised by Kmin 
and Ko. The relationship between the normalised critical fracture toughness 
and the natural log of the probability of failure is shown to be linear as follows: 
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The as-received cleavage toughness distributions of each data set are 
observed to lie directly on the 1: 1 line described by the modified Wallin 
function, equation (6.11). If the warm prestressed data is normalised by the 
values of KOf and Kminf predicted by the combined Wallin and Chell approach, 
the conservative nature of the prediction for A533B steel at -170°C (figure 
6.8) and BS1501 steel at -120°C (figure 6.10) is demonstrated by the,, data 
lying underneath the 1: 1 curve described by equation (6.11). The marginally 
optimistic prediction of the Wallin / Chell approach at -100°C for the A533B 
steel is shown in figure 6.9 by the data lying above the 1: 1 line of equation 
(6.11). However, if all three warm prestressed data sets are normalised by 
their fitted values of Kof and Kminf, that data lies on the 1: 1 line. Therefore, if 
the cumulative distribution function is presented as equation (6.11), a linear 
relationship between the probability of fracture and the cleavage fracture 
toughness is found. The values of KO and Kmin can be found using the 
combined Wallin / Chell approach and a probability of failure determined. 
This probability of failure has been shown to be conservative for the two 
materials for temperatures up to -120°C. The approach was shown to be 
marginally optimistic for A533B fractured at -100°C. 
6.4. SIZE EFFECT IN CLEAVAGE TOUGHNESS IN THE AS RECEIVED 
AND WARM PRESTRESSED CONDITIONS. 
The effects of warm prestressing and proof loading on the cleavage 
toughness of specimens of varying size have been investigated in the above 
study. It is well known that specimen size has a significant effect on the 
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cleavage toughness of the material (Anderson, 1992). This thickness effect is 
observed in the experimental work described in the above sections. The 
statistical model proposed by Wallin, described above, includes specimen 
thickness in the description of the distribution of cleavage toughness. As it 
has been shown, this cleavage toughness distribution function can be 
modified to describe the effects of warm prestressing on the cleavage 
toughness distribution. The influence of size on the warm prestress effect has 
been quantified by Wallin (1985) as follows: 






where subscripts BI and B2 refer to two different thicknesses respectively. 
Figure 6.11 illustrates the effects of the thickness corrections on A533B steel 
mean as-received cleavage fracture toughness at -170°C. It is observed in 
figure 6.11 however, that the accuracy of this method is dependent on the 
data set available being of sufficient size to accurately describe the 
distribution of cleavage toughness for the as-received condition. The 
thickness corrected toughness for the 6mm thick specimens is seen to be 
above the value at B=50mm. This is considered to be due to the small data 
set obtained at 6mm. At 25mm, the corrected cleavage toughness is shown 
to be the within the scatter band cleavage toughness for the 50mm thick 
specimens. Ideally, the thickness correction would result in the cleavage 
toughness at all thicknesses having the same value. 
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The aim of implementing the statistical method described in section 6.2 is to 
describe the distribution of cleavage toughness following warm prestressing 
and proof loading. This was shown to be an accurate method of describing 
the range of toughness obtained and showed that the Chell model can be 
used to predict the change in cleavage toughness when used in conjunction 
with a three parameter statistical model, with the value of the shape function n 
fixed at 4.. Figure 6.12 illustrates the toughness predicted by the Chell model 
for 6mm, 25mm and 50mm thick specimens, prior to and following correction 
using equation (6.12). It is observed that the correction predicts a consistent 
toughness for all specimens when corrected to the toughness for 50mm. 
Figure 6.13 illustrates the experimental cleavage toughness for the three 
thicknesses following warm prestressing, compared to the Chell model 
predictions in the uncorrected condition. It is shown that the Chell model is 
conservative at 6mm and 50mm but non conservative at 25mm thickness. 
This is attributed to the 25mm data set being of limited size. Following 
thickness correction, the 6mm cleavage toughness values were corrected to 
within 5 MPaqm of the cleavage toughness of the 50mm thick specimens. 
The cleavage toughness of the 25mm thick specimens following warm 
prestressing, when corrected to 50mm, is shown to be below the mean 
toughness obtained at 50mm. However, the corrected cleavage toughness 
value is within the toughness distribution obtained following warm 
prestressing in 50mm thick specimens as shown in figure 6.13. 
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The thickness correction procedure was extended to correcting experimental 
data for as-received cleavage toughness data for all thicknesses. This 
enabled all the data to be collated into a single data set, figure 6.14. The fit of 
equation (6.10) is found to be good when comparing Ko, (for the corrected 
data) = 92.1 MPa Im, with K0, (from fitting equation 6.10) = 94.2 MPa Im. 
The thickness correction procedure was also applied to the cleavage 
toughness data obtained following warm prestressing. Cleavage toughness 
data from 6mm thick specimens was corrected based on the results illustrated 
in figure 6.13, where the results are shown to be within 5 MPa'lm of the 50mm 
thick specimens. Figure 6.15 illustrates the cleavage toughness distribution 
of the 50mm thick specimens following warm prestressing and the toughness 
distribution of the 6mm specimens following warm prestressing. As shown 
earlier, the 6mm specimens are of considerably higher toughness than the 
50mm thick specimens, but following correction using equation (6.15), the 
toughness has been corrected to that at 50mm. 
The use of thickness corrections has therefore been validated prior to and 
following warm prestressing, with the results compared to the Wallin cleavage 
toughness distribution function. It is shown in figure 6.15 that the lower end of 
the distribution is not well described by equation (6.10), however the majority 
of the distribution is seen to be in excellent agreement with the analytical 
solution. 
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6.5 ANALYSIS OF FINITE ELEMENT PREDICTIONS. 
6.5.1 Comparison of Finite Element Predictions with Experimental Results. 
The cleavage fracture toughness of A533B steel single edge notch bend 
specimens following an LUCF warm prestress event was predicted in Chapter 
5 for a range of toughness. It was shown in Chapter 2, in figure 2.14 that the 
cleavage toughness of a material following warm prestressing was subject to 
a considerable degree of scatter. This distribution of cleavage toughness 
following warm prestressing has been successfully quantified, in the previous 
sections of this chapter. 
The finite element predictions obtained in Chapter 5 show that the cleavage 
toughness following warm prestressing increases with increasing preload. 
The predictions were based on a stress matching criterion that was 
formulated following simulation of experimental fracture events with and 
without warm prestressing. 
Figure 6.16 illustrates those predictions and compares them to the 
experimental results obtained by Smith and Garwood (1990b), Reed and 
Knott (1991) and Loss et al (1977). It is observed that the predictions provide 
a good description of the experimental results, although some data points lie 
outside the bounds described by the finite element results. This is not 
unexpected, however, as these experimental results are obtained from 
different data sets with different as-received cleavage toughness distributions. 
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In addition to this factor, the experimental conditions will not have exactly 
matched those simulated in the finite element simulations. 
6.5.2 Comparisons with Analytical Models of the Warm Prestress Effect. 
There are currently three different analytical approaches to modelling the 
warm prestress effect available. These were each described in Chapter 2. 
Recall from Chapter 2 that the model proposed by Chell (1980) uses the 
superposition of elastic displacements outside the regions of plastic 
deformation to evaluate an equivalent J integral, J0, using the strip yield 
model. When this J. equates to the critical J integral, JI,, cleavage fracture is 
predicted to occur. 
The model proposed by Curry (1981) again implements the principal of 
superposition, using the alternative approach of combining the stress state at 
the end of each of the load steps. This method provides a definition of the 
stress distribution at the fracture event in the near crack tip region. This 
stress distribution is used in conjunction with the RKR cleavage toughness 
model. This cleavage fracture criterion states that cleavage fracture will occur 
when a critical stress is exceeded over a critical distance which is dependant 
on the microstructure of the material. 
Figure 6.17 compares the predictions of cleavage toughness following warm 
prestressing obtained from finite element analysis with the three analytical 
models described above. The data is presented normalised by the as- 
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received cleavage toughness. It is observed in figure 6.17 that the best 
agreement with the finite element predictions is obtained with the Chell model. 
The Curry model is observed to significantly under-predict the cleavage 
toughness. At higher ratios of K1 / K, c, the Chell model also deviates from the 
finite element predictions. 
't 
The agreement observed between the Chell model and the finite element 
predictions is considered to be due to the stress matching method used. It 
was shown in Chapter 5 that the prediction of cleavage toughness can be 
obtained by matching the stress distribution formed by reloading the warm 
prestressed specimen to the stress distribution obtained at the as-received 
cleavage fracture toughness of the material at distances far greater than 
normally associated with cleavage fracture. 
It was shown in figure 5.27 that the stress intensity factor obtained based on 
load was very similar to that estimated by selecting the path independent J 
integral as shown in figure 5.22. The path independent J was extracted from 
the region where only elastic stresses exist in the residual stress state, and 
therefore the J integral used to evaluate the critical stress intensity factor only 
included elastic distortions, as specified in the Chell model. If the J integral 
chosen to evaluate the critical stress intensity factor was selected from the 
near crack tip region were plasticity had occurred, the inclusion of plastic 
distortions in the J integral would mean that the critical J would be achieved 
at a lower load. 
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The path independent J integral can then be used to evaluate the stress field 
for an elastic material, figure 6.18. It is observed that this stress distribution 
describes the region of the predicted fracture stress field where the stress 
matching is performed with the as-received cleavage toughness stress 
distribution. The Curry model is therefore considered to describe the 
conditions of cleavage fracture used to predict cleavage fracture in the finite 
element simulations described in Chapter 5. 
The Curry model of cleavage fracture, shown in figure 6.17 predicts lower 
values of cleavage toughness following warm prestressing than the finite 
element analysis. The Chell model is now considered in more detail to 
investigate the reasons for the lower predictions. 
The application of this model was investigated using the experimental SENB 
as-received fracture case and case B selected from Smith and Garwood 
(1990b), described in Chapter 5. Recall that these experimental simulations 
provided the basis for the stress matching criterion implemented to predict the 
results that are compared to the models in figure 6.17. 
Figure 6.19 illustrates the as-received fracture stress distribution, the warm 
prestressed fracture stress distribution, and the fracture stress distribution 
predicted by the Curry model. 
This figure has the magnitude of the stress distributions normalised by the 
yield stress of the material. The distance ahead of the crack tip is normalised 
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by the effective yield stress of the material and the applied stress intensity 
factor. The effective yield stress, ay ff depends on the prior loading history of 
the specimen. This assumes that the material behaves in an isotropic 
manner. For example , the yield stress of the material for an unload step from 
the maximum preload level is 2ayl, whereas the effective yield strength for the 
fracture load step, reloading from the residual stress state is aye + ay2 where 
aye and aye refer to the yield strengths at the preload and fracture 
temperatures in the as-received condition. The ordinate axis of figure 6.19 is 
given as r*(oy ff / Kapp)2, which is equivalent to the ratio of the distance ahead 
of the crack tip and the radius of the plastic zone formed at the end of each 
load step. 
It is observed in figure 6.19 that the stress distributions obtained from the 
experimental fracture loads agree with one another up to 0.04 r/rp3, whereas 
the prediction obtained using the Curry model only matches up to r/rp3 of 
0.008. The predicted value of Kf obtained using the Curry model was 145 
MPa'lm, less than the experimental fracture stress intensity factor of 171 
MPaqm. It is therefore shown that the Curry model does not succeed in 
predicting the cleavage toughness of a material following warm prestressing 
because the distance over which the critical stress must be achieved is too 
small, and for that matter fixed by the micro structure of the material. It was 
observed in Chapter 5, figure 5.23, that the near tip critical stress distribution 
could be matched at loads far less than the load at which the fracture event 
occurs at. 
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It has therefore been demonstrated that the Curry model does not describe 
the critical conditions for fracture following warm prestressing due to the 
distances over which the critical stress must be achieved being too small and 
within the zone of residual compressive deformation. 
6.6 ANALYSIS OF FINITE ELEMENT PREDICTIONS OF CLEAVAGE 
TOUGHNESS FOLLOWING SUB-CRITICAL CRACK GROWTH. 
Section 5.8.3 described the two methods used to predict the cleavage 
toughness following warm prestressing and subsequent sub critical crack 
growth. These predictions were based on the stress matching method used 
in the previous sections of Chapter 5 to predict the cleavage toughness in the 
absence of any crack growth. This proved to be an acceptable approach up 
to the point where the sub critical crack extension extended the crack tip into 
the region of tensile residual stress. 
The finite element simulations of experimental load case 12596 showed that 
the peak near tip stress matched the peak crack tip stress defined by the 
as - received cleavage toughness distribution for that extended crack length. 
Chapter 5, section 5.8.3 and figures 5.55 and 5.56 described the methods and 
results of obtaining predictions based on matching the peak crack tip stress. 
The predictions obtained using this method showed similar trends tos the 
experimental results, although half of the results at higher crack lengths were 
greater than the upper bound predicted by the finite element. The lower 
bound experimental results were found to lie close to the lower bound 
predictions obtained from the finite element study. 
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Predictions of cleavage fracture toughness following warm prestressing and 
sub critical crack growth were also obtained by matching the far field stress 
distributions to the as - received stress distribution for that crack length. This 
was considered a possible fracture criterion for several reasons. 
It 
Firstly, no. classical fracture criterion currently in use states that fracture can 
occur when the peak stress at the crack tip reaches a critical value. All 
modern fracture criteria, such as that incorporated into the Wallin cleavage 
toughness distribution function, assumes that the critical stress must be 
achieved over a certain distance or volume ahead of the crack tip. 
Secondly, there was no guarantee that the maximum as-received cleavage 
toughness obtained for the edm notched specimens during the experimental 
study was the maximum possible as received cleavage toughness for this 
configuration due to the limited number of tests performed. 
Therefore, the stress distribution for the as-received cleavage toughness of 85 
MPa Im was scaled until it matched with the far field stress distribution of the 
warm prestressed specimen, specimen 12596, figure 5.42. This 
corresponded to a toughness of 113 MPa4m. Predictions were made based 
on this criterion and it was found that the predicted cleavage toughness for 
cracks that extended into the zone of tensile residual stress was significantly 
lower than that predicted by matching the peak stress. There was also no 
observed correlation between the experimental results and these predictions. 
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Chell (1986) describes an extension to the model of warm prestressing 
previously proposed to incorporate the effects of sub critical crack growth. 
This is achieved by the use of the strip yield model, and applying traction's to 
the extended crack faces such that these crack faces carry no stress. The 
appropriate models proposed by Chell (1986) were selected and plotted 
against the predictions obtained using both methods described above. 
Figure 6.20 compares the predictions obtained by matching the peak crack tip 
stress with the Chell model. It is observed that for all cases, the finite element 
predictions agree reasonably with the analytical model solutions, and 
therefore the majority of the experimental data. Once again, the lower bound 
defined by the Chell model represents a lower bound to the experimental 
data. 
Figure 6.21 compares the predictions obtained by matching the far field stress 
distribution with the as-received stress distribution to the Chell model 
predictions. When the crack growth increment is less than 1 mm, the 
predictions follow the same trends as the Chell model due to the same 
fracture criterion being applied. When the crack growth increment exceeds 
1 mm, and the predictions are based on matching the far field stress, the finite 
element results deviate from the Chell model solutions which were observed 
to agree well with the experimental trends. 
It is therefore concluded that the peak stress matching technique as 
implemented here provides the best agreement with the experimental results 
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and Chell model solutions. This criterion was based on the simulation of 
experimental fracture events and does not depend on any classical fracture 
criterion as its basis. The reasons for the agreement with the Chell model are 
not clear. 
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The influence and importance of the warm prestress effect has, to date, been 
difficult to classify due to the inherent scatter in a materials cleavage 
toughness in the as-received condition. To this end, the success of analytical 
models (Chell, (1980) and Curry, (1981)) that attempt to predict the warm 
prestress has been limited, as the cleavage toughness of a material following 
a warm prestress event is also subjected to high levels of scatter. 
This discussion aims to address the issues of scatter in as-received cleavage 
toughness and its influence on the warm prestress effect using the results 
obtained from the experimental study detailed in Chapter 4 and numerical 
predictions obtained in Chapter 5. By combining currently available statistical 
models with analytical models, a consistent method of classifying the warm 
prestress effect is presented. 
This discussion also analyses the effect of repeated warm prestress cycles 
and single warm prestress cycles followed by sub critical crack extension 
cleavage toughness. Current analytical models stipulate that no sub critical 
crack extension should occur prior to fracture. Chell (1986) has proposed a 
model to incorporate the effects of sub critical crack growth. However, there is 
Page 148 
unaprer r. uiscusslon 
limited experimental evidence to support this model. The results of 
experimental and numerical investigations discussed in Chapters 4 and 5 will 
be discussed in an attempt to provide some validation to the approaches used 
in the analytical and numerical models. 
7.2 EXPERIMENTAL AND NUMERICAL STUDIES. 
The experimental investigations detailed in Chapters 3 and 4 aimed to 
complement previous investigations performed by Smith and Garwood 
(1990b) and Bell (1992) by providing additional data for various loading 
conditions. In order to maximise the efficiency of the experimental 
programme, only the LUCF cycle was investigated, although later 
experiments addressed the issue of multiple load - unload cycles prior to 
cooling and brittle fracture. Prior to the fracture studies being performed on 
the two candidate steels, uniaxial tensile tests were performed to provide data 
for implementation in finite element investigations, which were being 
performed in parallel to the experimental studies. 
The results of these uniaxial tests highlighted the differences between the two 
materials, A533B and BS1501 steels. These are both commonly used in the 
fabrication of pressure vessels, although their properties were not at all 
similar. It was found that the BS1501 steel behaved in an elastic - perfectly 
plastic manner under monotonic loading conditions, in contrast to the strong 
post yield hardening behaviour of A533B steel. Both steels exhibited strong 
upper and lower yield points as demonstrated in Chapter 4. The influence of 
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prior plastic deformation on the hardening behaviour of the steels was also 
markedly different. In the case of BS1501 steel the material was shown to 
respond in an approximately isotropic fashion, with the yield strength in 
compression increasing linearly with the tensile yield strength on successive 
load cycles. It was noted that this increase in compressive yield strength was 
very small in comparison to the increase in tensile yield strength. In coftrast 
however, the A533B steel was shown by Smith et al (1992) to respond in a 
kinematic fashion, whereby the yield strength in compression reduces linearly 
with the increase in tensile yield strength for successive load cycles. 
The hardening response of the material subjected to a warm prestress load 
cycle was investigated using finite element studies in section 5.5.5. This 
section compared the isotropic and kinematic material hardening laws as 
implemented within ABAQUS. It was shown during that study that the 
cleavage fracture toughness following warm prestressing was independent of 
the material hardening law used. This was despite the demonstration that the 
magnitude of the residual stress formed near to the crack tip on unloading an 
isotropic material was approximately double that formed on unloading a 
kinematically hardening material. 
Further tensile testing of BS1501 steel demonstrated that this materials' yield 
strength and hardening properties in tension at -120°C are not modified by a 
tensile overload and unload cycle performed at 20°C. The only difference that 
was observed between the virgin material at -120°C and the prestressed 
material at -120°C was the absence of the sharp upper and lower yield points 
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that characterise the monotonic response of this steel at all temperatures. 
The upper yield point is associated with small amounts of interstitial or 
substitutional impurities. During the initial yielding caused on preloading, 
where dislocations are forced past these impurities, on unloading and 
reloading these obstacles, having already been passed, offer no resistance 
and smooth yielding behaviour is observed. 
The fracture toughness testing performed on both steels following a single 
warm prestress cycle provided data sets for each loading condition that were 
subject to a degree of scatter. The analyses presented in Chapter 6 showed 
that an analytical model based on the weakest link failure theory and the 
analytical solutions describing the crack tip stress and strain field could be 
used to describe the cumulative distribution function of failure in the 
as - received and warm prestressed conditions. 
Once the influence of scatter in the results had been quantified by performing 
these statistical analyses, the effect of a single warm prestress cycle could be 
clearly represented. It was shown in Chapter 6 that the cleavage toughness 
of both of the candidate steels was enhanced by a single warm prestress load 
cycle and that this increase could be predicted by using the Chell model of the 
warm prestress effect. It was noted that the predictions for A533B steel and 
BS1501 steel at -170°C and -120°C were conservative, under predicting the 
increase in toughness by between 10% and 15%, based on the 63.2 
percentile failure probability toughness value. 
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The experimental results obtained from the uniaxial and fracture test 
programmes provided data for performing simulations of warm prestress and 
subsequent fracture events using the finite element method. Following 
simulations of experimental load cases, the stress distribution of an as- 
received specimen was compared to that of the warm prestressed specimen 
at the experimental fracture load. These distributions were found to match 
one another for a significant distance ahead of the crack tip. As cleavage 
fracture is generally a stress controlled event, the concept of a critical stress 
was not new. When the stress distributions at fracture were compared to the 
analytical HRR predictions of the crack tip stress field, it was found that the 
stresses agreed with one another at distances much greater than the HRR 
fields matched the fracture stress. It was therefore concluded that for fracture 
to occur following a warm prestress event, a critical stress must be achieved 
ahead of the crack tip. It was also concluded that this critical stress was not a 
fixed value, nor was the critical distance over which that stress should be 
achieved a predetermined value. The fracture criterion proposed was as 
follows: the critical stress distribution was defined by the stress distribution 
ahead of the crack tip at the as-received fracture load. The distance over 
which this stress distribution should be achieved was a function of the preload 
level applied. The greater the preload intensity, and hence the greater the 
extent of the residual compressive deformation, the greater the distance over 
which the stresses can be matched. 
This criterion was used to predict the cleavage fracture toughness of A533B 
steel specimens subjected to increasing preload intensities and different as- 
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received toughnesses. The results of the predictions were shown in Chapter 
5 to not only agree well with the bounds of available experimental data, but 
also to agree well with the predictions obtained using the analytical Chell 
model (Chell, 1981) within the small scale yielding regime. This provided 
analytical validation of the fracture criterion implemented. The main 
justification for the agreement between the Chell model and the stress 
matching fracture criterion is that the distance over which matching must be 
performed is much greater than the extent of the plastic zone formed following 
full unloading. At those distances the stress field was shown to be purely 
elastic. This was confirmed by the predicted path independent J integrals in 
this region, where it was shown that the associated elastic HRR stress field 
described the actual stress field in the region where the stress matching is to 
be performed. Agreement with the Chell model was found as the model only 
includes the elastic displacements in evaluation of the critical stress intensity 
factor. 
The finite element predictions were shown to disagree with the analytical 
model proposed by Curry (1981) as the stress matching is performed at a 
fixed micro-structural distance which is within the plastic zone at fracture. It 
has been shown in Chapter 6 that if the stress distribution of the reloaded 
specimen was matched to the critical stress distribution over the reduced 
distance as proposed by Curry, the prediction of cleavage toughness obtained 
was significantly lower than the finite element and Chell model predictions. 
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7.3 INFLUENCE OF SIZE ON THE WARM PRESTRESS EFFECT. 
The influence of specimen size on the warm prestress effect was 
demonstrated in section 2.4.8. It was shown in this section that specimens 
that were close to conditions of plane strain, exhibited a lower degree of warm 
prestress benefit than specimens close to a state of plane stress. The 
differences between the specimen size could only be clearly observed at 
preload levels in excess of 1.5 times the unprestressed notch strength. 
The results presented for in this study for different thickness A533B CT 
specimens show the same trends as the results presented in figure 2.9. The 
6mm thick compact tension specimens exhibited a larger increase in 
toughness than the 25mm thick CT specimens. The analysis presented in 
Chapter 6 showed that, providing there was sufficient data available for a 
specimen size and preload condition, the data from the 6mm thick CT 
specimens could be 'thickness corrected' to lie within the distribution of 
cleavage toughness for the 25 mm and 50 mm thick CT and SENB 
specimens. This analytical technique allows an estimate of cleavage 
toughness following a warm prestress cycle to be performed for small and 
large specimens alike, providing that there is sufficient data to describe the 
materials fracture response in the as-received condition. 
7.4 REPEATED WARM PRESTRESS LOAD CYCLES 
The influence of repeated warm prestress load cycles at room temperature 
was also examined experimentally. As detailed in Chapter 4, the specimens 
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were loaded under two different loading conditions, load control and 
displacement control. The aim of the study was to examine the cumulative 
effects of these warm prestress load cycles on the cleavage toughness. 
The response of the two steels to the repeated proof loading was observed to 
be significantly different, as may be expected by the variation in the uniaxial 
behaviour of each of the steels. Repeated proof loading in either load or 
displacement control was shown to have an insignificant effect on the 
cleavage fracture toughness of BS1501 steel in comparison to the toughness 
following a single cycle. The specimens that were repeatedly preloaded in 
load control were observed to have a slightly higher mean toughness than 
that of the repeated displacement control specimens. The investigations of 
Bell (1992) showed that repeated load control warm prestress cycles had little 
or no influence on the cleavage toughness, therefore concurring with the 
results of this study presented in Chapter 4. 
The effects of repeated warm prestress load cycles on the A533B steel were 
considerably different to those observed in the BS1501 steel. It was found in 
Chapter 4 that repeated displacement control warm prestress cycles, on 
average, increased the of the material cleavage toughness by 37% beyond 
that observed for an as - received specimen. The effect of repeated 
preloading in load control increased the cleavage toughness by 86% beyond 
the as-received cleavage toughness. This marked increase in toughness in 
the case of the load controlled specimens prompted metallurgical 
investigations into the condition of the material surrounding the crack tip. 
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It was found that there was a large degree of local damage occurring during 
the repeated displacement control tests, with large voids forming around the 
crack tip and significant ductile tearing also being introduced at the high 
applied displacement. The influence of inclusion 'removal' from the crack tip 
area was discussed by Reed and Knott (1992) who considered that this,, void 
formation was changing the distribution of critical initiators in the crack tip 
region. However, the statistical model used to classify the cumulative 
probability of fracture for any given distribution of cleavage toughness was 
developed on the premise that the size and shape of the distribution of 
cleavage initiators, can be neglected providing no global interaction occurs. 
Applying this theory to the case of the repeated displacement control 
preloading cases implies that this local damage was not an important factor in 
the differences between the final cleavage toughness of the load and 
displacement controlled specimens. 
Similar investigations of the damage that occurred in the crack tip region of 
the repeated load controlled specimens showed that a large degree of crack 
tip blunting had occurred. There were no large voids formed during this load 
cycle, and yet the toughness was vastly increased in comparison to that of the 
displacement controlled specimens. This finding adds more store to the 
conclusion drawn above that the effective removal of large inclusions from the 
metal matrix in the crack tip region was not influencing the cleavage 
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The reasons for the difference in the response of the BS1501 specimens and 
the A533B specimens to repeated proof loading are considered to be due to 
the hardening responses of the two steels. The strain hardening behaviour of 
the A533B steel would, under load cycling conditions, increase the tensile 
yield strength of the material that is plastically deforming in the crack tip 
region. This would result in the compressive yield strength being reduced, 
and therefore the extent of plasticity ahead of the crack tip would increase on 
unloading from each successive load cycle. 
7.5 INFLUENCE OF CRACK TIP BLUNTING ON THE WARM 
PRESTRESS EFFECT. 
The positive influence of blunting on the warm prestress effect has been 
credited by several authors (Pokrovsky et al (1992), Nichols (1968), and 
Sugino et al (1979)). Harris et al (1980) on the other hand, demonstrated an 
equivalent warm prestress effect on blunt notched specimens as in sharp 
notched specimens. There is therefore a degree of uncertainty on the 
influence of crack tip blunting on the warm prestress effect. 
This uncertainty prompted the detailed finite element investigations into the 
warm prestress effect on blunt notched SENB specimens presented in 
Chapter 5. These numerical investigations showed that the stress distribution 
ahead of the crack tip was influenced by the crack tip. The crack tip stress 
singularity associated with sharply notched specimens was truncated by the 
blunted tip. Following the warm prestress event, the as-received and warm 
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prestressed fracture stress fields were observed to agree at distances that 
exceeded the influence of the blunt tip. Subsequent finite element analysis of 
bluntly notched CT specimens showed the same effects, which indicated that 
not only was blunting not influencing the warm prestress effect, but also that 
the stress matching criterion of fracture was equally applicable to blunt 
notched specimens as it was to sharply notched specimens. This was due to 
the distance over which the stress matching was being performed exceeds 
the zone of influence of the blunted crack tip. 
This conclusion concurs with the work of Reed and Knott (1992) who stress 
relieved specimens that had been subjected to warm prestress preload 
cycles. The subsequent fracture toughness of the warm prestressed and 
stress relieved specimens was the same as the as-received specimens. This 
therefore indicates that the warm prestress benefit was controlled by the 
residual stresses and not the reduction in acuity of the crack tip caused by the 
preload. Recall the case of repeated warm prestress cycles carried out in 
load control on 25mm thick A533B steel CT specimens, where significant 
crack tip blunting was observed. Based on the above analysis, the large 
increase in cleavage toughness is therefore due to hardening of the crack tip 
material rather than the crack tip blunting. 
7.6 INFLUENCE OF SUB CRITICAL CRACK EXTENSION ON THE 
WARM PRESTRESS EFFECT. 
The effect of sub critical crack extension on the warm prestress effect was 
investigated using both experimental and numerical techniques. The results 
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of both studies were compared to the appropriate analytical model proposed 
by Chell (1986). The experimental results were shown to obey the same 
trends described by the Chell model, with the lower bound experimental 
results following the lower bound predicted by the Chell model for K, / K, c = 3. 
Some of the experimental data points were of significantly higher toughness 
than the numerical predictions. However, due to the small number of tests 
performed on the specimens in the as-received conditions it is possible that 
specimens with higher as-received toughness may have been tested following 
warm prestressing and sub critical crack growth. 
The finite element analyses that simulated experimental fracture events 
following warm prestressing and sub critical crack extension showed that at 
low crack growth increments, the stress matching technique used in previous 
sections could be applied to predict cleavage toughness. This was shown to 
apply for crack growth increments that extended the crack tip to the limit of the 
compressive residual stress distribution. 
For large crack growth increments, where the crack tip was extended well into 
the tensile residual stress distribution, simulation of an experimental load case 
indicated that the peak stress at the crack tip could be matched with the as- 
received fracture stress distribution. Given that there exists no cleavage 
fracture model which uses a peak crack tip stress as its critical parameter, an 
alternative approach was adopted. This approach attempted to match the far 
field stress distribution to the as-received stress distribution. This approach 
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could not be justified against any experimental results, however, it provided a 
more intuitive fracture criterion. 
The results predicted by the peak crack tip stress matching technique were 
compared to the experimental and analytical predictions in Chapter 6. These 
predictions matched the analytical models especially well. The experimpntal 
results were also in good agreement, with some results still being 
considerably higher than the numerical and analytical predictions. The results 
based on the far field matching criterion were shown to be predicting 
extremely low cleavage toughness, and did not agree with the analytical or 
experimental results. 
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CHAPTER 8 
CONCLUSIONS AND RECOMMENDATIONS 
In this thesis, experimental and finite element studies were 
undertaken to investigate the influence of warm prestress 
load cycles on the cleavage fracture toughness of two ferritic 
pressure vessel steels. The experimental studies provided 
fracture toughness data for specimens fractured following 
single and repeated warm prestress cycles, and following 
sub critical crack extension prior to fracture. The finite 
element simulations investigated the crack tip stress field 
conditions at fracture and during the preload cycles. 
Estimates of the cleavage toughness were obtained from the 
finite element analyses following single warm prestress 
cycles and following varying degrees of sub critical crack 
growth. The numerical predictions were compared to 
analytical models to provide validation of the techniques 
used. 
8.1 CONCLUDING COMMENTS. 
The experimental and numerical analyses presented in the 
preceding Chapters lead to the following conclusions, listed in order 
of perceived importance: 
1. Cleavage fracture toughness is enhanced by a high temperature 
preload, providing that the preload acts in the same sense as 
the applied load at the low temperature. 
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2. Predictions of cleavage fracture toughness can be performed 
using the finite element method. The fracture criterion used to 
predict cleavage fracture is as follows. The critical stress 
distribution is defined as the stress distribution at the as - 
received fracture load. This as - received fracture stress 
distribution is matched to the warm prestressed stress  
distribution when reloaded at low temperature. Fracture is 
predicted to occur when the as-received stress distribution 
matches the warm prestressed stress distribution at distances 
exceeding those normally associated with cleavage fracture. 
3. Cleavage toughness data in the as - received and warm 
prestressed conditions is highly scattered. This scatter can be 
accounted for by using the Wallin three parameter statistical 
model based on weakest link theory. The model, although 
based on small scale yielding assumptions, has been shown to 
accurately describe the cumulative distribution function of 
several data sets of the candidate steels. 
4. Finite element predictions of cleavage fracture toughness 
following a warm prestress event have been obtained using the 
fracture criterion detailed in conclusion (2). These predictions 
were compared to analytical models. The model proposed by 
Chell (1980) was shown to describe analytically the fracture 
criterion used in the finite element predictions in small scale 
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yielding conditions. This model was shown to be less accurate 
in predicting cleavage fracture toughness outside the small 
scale yielding regime. 
5. The analytical model proposed by Curry (1981) was shown to 
use the incorrect physical fracture criterion as its basis, as the 
critical distance X0 has been shown to increase with increasing 
preload. This model therfore under predicts cleavage fracture 
toughness following a warm prestress event. 
6. The cumulative distribution function of warm prestressed 
cleavage fracture toughness can be predicted using the Chell 
model of warm prestressing combined with the three parameter 
Wallin statistical model. The Chell model is used to modify the 
as-received values of Ko and Km; n in the Wallin model. The 
resulting distribution was found to be within 15 % for all cases 
analysed. 
7. The cleavage fracture toughness of a specimen can be 
estimated using the stress matching fracture criterion described 
above and the critical stress intensity factor estimated by 
selecting the path independent J integral at the predicted 
fracture increment. Predictions of critical stress intensity factor 
can also be obtained based on the applied load at the predicted 
fracture increment. 
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8. A533B steel specimens subjected to repeated preload cycles 
under load control exhibited cleavage toughness values up to 
86 % greater than the as-received toughness. Those 
specimens subjected to repeated preloading in displacement 
control exhibited cleavage toughness 37% greater than the 
as-received case. 
9. BS1501 steel specimens subjected to repeated preload cycles 
in either displacement or load control did not exhibit toughness 
that was significantly greater than that exhibited following a 
single preload cycle. 
10. Crack tip blunting was shown to have no influence on the warm 
prestress effect. Finite element studies comparing the 
predictions of sharply notched and blunt notched specimens 
illustrated that no difference between the cleavage toughness of 
the two crack tip configurations is expected. 
11. Experimental studies showed that the cleavage fracture 
toughness following warm prestressing and sub-critical crack 
growth increased beyond the value obtained where no crack 
extension occurred where the crack growth increment was less 
than 0.5mm. Following 1 mm crack extension, the cleavage 
toughness returned to the uncracked warm prestressed value. 
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Following further crack extension, the cleavage toughness 
continues to reduced. The toughness was not predicted to 
reduce to as-received cleavage toughness value for any of the 
crack growth increments studied. 
12. Cleavage fracture toughness following warm prestressing and 
sub critical crack growth can be predicted by matching the 
stress field formed on reloading at low temperature with the 
as-received fracture stress distribution. Where the crack growth 
increment is small and the extended crack tip is contained within 
the compressive residual stress zone, the cleavage toughness 
can be estimated using the fracture criterion described in (2) 
above. Where the crack growth increment is large, extending 
the crack tip into the zone of tensile residual stress, fracture was 
predicted to occur when the peak stress at the crack tip 
matched the as-received cleavage stress distribution peak 
stress. 
13. The above fracture criterion was validated by comparison with 
the analytical model proposed by Chell (1986) and with 
experimental results obtained as part if this study. The Chell 
model and finite element predictions for an as-received 
cleavage toughness of 40 and preload of 120 MPaJm 
represented a lower bound to the experimental results. 
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14. Specimen size was shown to have a significant influence on 
the degree of warm prestress benefit that may be expected for a 
given preload level. A thickness correction method, based on 
the Wallin three parameter cleavage toughness model, was 
successfully used to correct the small specimen data to the 
cleavage toughness values expected in large specimens. 
8.2 RECOMMENDATIONS FOR FUTURE WORK 
1. The present work has investigated the warm prestress effect in 
specimens that were assumed to be in conditions of plane strain 
throughout the load history. A three dimensional numerical 
investigation of the warm prestress effect would provide a 
greater understanding of the effects of constraint on the warm 
prestress effect. 
2. Further experimental studies investigating the warm prestress 
effect in small section specimens would provide more data to 
provide a clear understanding of the effects of specimen size on 
the warm prestress effect. Specifically, the data presented in 
this thesis would be complemented by further testing in the as- 
received and warm prestressed conditions following a single 
warm prestress cycle. 
3. The influence of sub critical crack extension has been 
demonstrated within this thesis, however, the lack of 
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experimental data has provided grounds for uncertainty in using 
the finite element method to predict cleavage toughness. While 
the current method appears to provide a good description of the 
experimental trends, further experimental testing would enhance 
the data set. 
4. Further testing of edm notched specimens in the as received 
condition is required to obtain a clear description of the extent of 
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TABLE 3.1. Chemical Analysis of BS1501 490Gr B LT50 C-Mn pressure 
vessel steel. 
C S P Si Mn Ni Cr Mo V 
BS1501 0.18 0.01 0.015 0.32 1.12 0.02 0.02 <0.005 0.01 
Cu Nb Ti Al B Sn Co As C. E * 
BSI 501 0.02 0.031 <0.002 0.03 <0.0003 <0.005 0.01 0.005 0.38 
'C. E.. = carbon equivalent 
TABLE 3.2. Chemical Analysis of A533B Class I pressure vessel steel. 
,I 
C S P Si Mn Ni Cr Mo V 
A533B 0.18 0.005 0.006 0.24 1.41 0.56 0.18 0.48 <0.002 
Cu Nb Ti Al B Sn Co As C. E. 
A533B 0.12 <0.002 <0.018 0.03 <0.0003 0.01 0.01 0.005 0.59 
TABLE 4.1. Uniaxial Tensile Properties of BS1501 
temp E (GPa) upper (MPa) a lower (MPa) crtrrs MPa 
20°C 203 507 421 421 
-70°C 223.5 542 445 445 
-120°C 207.3 610 470 470 












5a* 25.885 50 24.962 41.5 75.75 -120°C 
5b* 25.837 50.001 24.972 32.25 58.66 -120°C 
5c* 26.21 49.996 24.952 34.5 64.33 -120°C 
6a9 25.54 50.002 25.02 41.7 97.4 -70°C 
6b§ 25.934 50.202 25.022 33.34 87.09 -70°C 
6d§ 24.67 49.936 24.968 40.38 95.85 -70°C 
": fatigue precracKea; ,: eam notcnea. 
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llc 25.44 49.84 24.97 58.82 105.09 340.60 62.00 110.77 
13b 25.16 50.01 24.93 52.12 91.00 256.47 53.50 93.41 
14c 28.63 50.00 25.10 37.35 81.65 210.23 43.75 95.63 
15a 25.46 50.00 25.00 59.61 105.80 345.04 67.37 119.56 
15b 25.66 50.16 24.96 59.41 106.23 343.23 57.71 103.18 
15c 25.54 50.00 24.97 59.41 106.07 342.86 62.47 111.53 
16a 23.99 49.98 24.95 56.50 91.94 268.43 64.00 104.15 
16c 21.37 50.01 24.71 69.25 98.08 295.51 72.46 102.62 
18a 25.56 49.94 24.99 59.63 106.82 343.75 63.64 114.01 
TABLE 4.4. BS1501 Repeated Proof Load Test (displacement control) 

















13e 25.56 50.18 24.94 52.63 93.52 367.83 60.23 107.02 
13f 23.87 49.98 24.92 58.95 95.40 391.95 71.95 116.43 
18f 23.81 50.01 24.98 59.01 94.83 389.08 71.96 115.64 
21 a 25.87 49.96 24.99 59.77 109.09 433.25 54.91 100.22 
21 b 26.49 50.19 24.99 58.70 110.36 505.64 55.65 104.64 
21 c 25.90 50.00 24.96 58.87 107.61 391.08 61.04 111.57 
22a 26.19 50.18 24.92 57.13 105.69 356.10 61.96 114.62 
22b 26.02 50.20 24.93 58.04 106.12 359.32 60.93 111.40 
TABLE 4.5. BS1501 Repeated Proof Load Test (load control) Details For 










MPa m (Nimm 
Pt 
(kN) MPa Im 
13d 25.71 24.97 50.14 49.219 88.28 272.9 58.17 104.34 
18b 26.21 24.96 50.11 58.749 108.97 389.9 61.25 113.61 
18c 25.06 24.99 50.07 59.632 109.62 395.2 65.83 121.02 
20a 26.12 24.97 50.10 59.476 109.71 398.0 58.47 107.84 
20b 26.20 24.99 49.97 60.270 112.26 460.86 56.35 104.96 
20c 25.96 24.98 50.01 58.695 107.56 419.09 68.18 124.95 
TABLE 4.6. Uniaxial Tensile Properties of A533B. 
temp E (GPa) a upper Mpa a bWef MPa a MPa 
20°C 202 ' 561 500 668 
-170°C 209 953 873 960 

















abin 26.15 49.85 24.95 10.42 33.67 62.98 
ab2n 25.22 49.94 24.91 9.79 24.83 43.66 
ab3n 27.21 49.74 24.96 11.22 35.00 70.52 
1596 25.12 49.90 24.99 9.74 41.96 73.23 
2596 24.92 50.03 25.03 9.58 49.15 84.15 
3596 24.89 49.86 24.92 9.62 49.15 84.97 


















ab4wps 26.48 49.83 24.95 68.00 130.05 119.18 40.57 77.58 
ab5wps 25.70 49.88 24.91 60.49 109.90 15.78 61.57 111.86 
ab7wps 25.99 50.08 25.00 60.31 110.27 17.41 44.79 81.90 
al spl 25.89 50.17 24.96 61.00 110.60 17.66 37.46 67.92 
a3s I 27.37 50.11 24.94 60.32 120.88 48.47 32.75 65.63 
a4spl 27.27 50.05 24.96 60.38 120.48 17.13 31.66 63.18 
a5spl 26.00 49.88 24.99 60.91 112.47 20.15 28.18 52.03 














a7r d* 25.25 49.72 24.96 86.25 153.08 424 52.5 93.17 
a8rpd* 26.43 49.964 24.978 77.5 146.7 398 46.25 87.52 
a9r I§ 25.29 50.002 24.944 76.205 134.1 67 69.625 122.5 
al0rpI 28.95 50.09 24.97 55 123.2 83 55 123.16 
*: displacement control; 9: load control 






















4596 25.138 49.906 24.954 0.274 71.875 123.63 159.40 49.825 87.16 
5596 25.502 49.842 24.976 0.528 70.625 122.51 202.92 52.381 93.90 
6596 24.89 49.64 24.96 0.418 70.9375 120.39 188.68 65.016 113.21 
7496 25.972 49.944 25.004 1.022 71.25 122.77 144.16 78.129 143.51 
8596 25.94 49.926 24.994 1.072 71.25 122.29 180.99 69.018 126.67 
9596 26.13 50.01 24.992 1.044 71.25 123.52 163.54 42.546 78.76 
10596 27.366 49.96 24.994 2.446 70.625 121.44 195.10 56.475 113.6911 
11596 27.442 50.064 24.928 2.368 70.625 122.39 278.37 34.894 70.45 
12596 27.65 50.06 24.966 2.57 71.25 123.35 221.17 50.855 104.01 
TABLE 4.11. A533B As-Received Fracture Test Details For Fracture at 













lar6 25 50 6 17 68.43 122.17 
2ar6 25 50 6 13.25 39.85 95.22 
3ar6 25 50 6 21 111.71 150.92 
4ar6 25 50 6 14 44.5 100.61 
5ar6 25 50 6 24.125 173.9 173.37 















(kN) MPa'm (Nimm) 
1s p16 25 50 6 14.462 103.93 68 25.30 181.87 124.11 
3s I6 25 50 6 14.52 104.45 * 23.75 170.67 * 
5sp16 25 50 6 14.52 104.39 57 26.31 189.08 113.95 
62 I6 25 50 6 14.39 103.44 62 23.02 165.45 118.50 
7s 16 25 50 6 14.3 102.76 22 158.10 
8sp16 25 50 6 14.46 103.93 60 25.07 180.23 117.17 
data not available. 
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J., t (Nimm) 
2r 16 * 25 50 6 15.193 109.19 74 24.961 179.38 130 
4r l6 * 25 50 6 14.375 103.30 63 25.071 180.17 120 
6r 16 * 25 50 6 14.513 104.2 60 13.95 100.30 117 
7rsp6 5 25 50 6 16.323 117.30 119 14.5 104.20 164 
8rs 65 25 50 6 16.411 117.94 137 16.04 115.28 176 
9rsp6 5 25 50 6 16.013 115.07 127 20.150 144.86 170 
0 load control; § displacement control. 

















abln 26.15 49.85 24.95 62.98 10.42 33.67 x x 
ab5wps 25.70 49.88 24.91 60.49 109.90 15.78 61.57 111.86 
TABLE 5.2 Boundary Conditions Applied to Simulation of Fracture Following 




(mm) 0.0 0.25 0.5 0.75 1 2 3 4 
40 x x x x x x x x 
60 x x x x x x x x 




(a) (b) (c) 
-GY 
ý 
Figure 2.1. Mechanical relaxation of residual stress. (a) residual stress distribution; 
(b) application of uniform tensile stress; (c) final residual stress distribution after 
removal of tensile stress. 
1.25 
" Nordell and Hall (1965), A212B 
  Kihara et al (1959), Mild steel 
Jesensky and Vargova (1981) 
1.00 measured applied stress 
Jesensky and Vargova (1981) 
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-- equation (2.2) 
0.00 
0.00 0.25 0.50 0.75 1.00 
applied stress / yield stress 















P medium e 
p large 
Ta Temperature. 
Figure 2.3. Warm Prestressing and Proof Loading Concepts. (After Yukawa, 1969). 
N 
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Figure 2.4. Idealisation of Warm Prestress Load Histories. 









K1 / KIc 
Figure 2.5. Influence of load history on the warm prestress effect. 















cycle @ 20°C 
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prestress load / unprestressed fracture load 
Figure 2.7. Influence of direction of preloading on warm prestress benefit 
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" Wessel and Baudry (1954) 
  16mm, Brothers and Yukawa (1963) 
" 76mm, Brothers and Yukawa (1963) 
" 102mm, Brothers and Yukawa (1963) 
f 241 mm, Sankey (1960) 
near conditions 
j plane stress 
^- ' near conditions 




1.00 1.25 1.50 1: 75 2.00 2.25 2.50 2.75 3.00 
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Figure 2.9. Influence of stress state on the warm prestress effect. 
unload by -OL 
applied load, L 
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Figure 2.10. Plastic superposition for unloading. 
Adding (b) for load -AL with a doubled yield stress to (a) gives the solution (c) 







(a) Case 1: R, >R2>R3 
ämm 
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(c) Case 3: R3>R, >R2 
Figure 2.11 Formation of plastic zones for three LUCF cases. 
residual zone from load 
step 2, dislocations immobile 
crack 53 a2 a, x 
/ residual zone from load 
plastic zone due to step 1, dislocations immobile 
load step 3, dislocations mobile 
Figure 2.12. Case 1 plastic and residual deformation zones 
following warm prestressing. 
crack 
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" Reed and Knott (1992), B=10mm SENB 
  Loss et al, (1977) B=76mm SENB 
" Loss et al (1977) B=38mm SENB 
--- Chell model, equation (2.21) 
-- Curry model, equation (2.27) 
-- Smith model, equation 2.30 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
K1 / KIc, 0R1 / ßRc 
Figure 2.14. Comparison between experimental warm prestress data 


























steel springs to maintains 
position of extensometer 
fixed grip. 
applied displacement, 8 
't 
input / output 
to instron 1342 
Figure 3.2 Extensometer arrangement during tensile testing. 
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s. 25ý. FS tht, q 





clip gauge arms 
crack tip 
Figure 3.4. Compact Tension specimen extensometer arrangement 




Figure 3.5. Schematic illustration of the area under the 
load displacement curves used in the evaluation of J., and Jf, 
load point displacement 
Figure 4.1. Monotonic Response of BS1501 Steel at 
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Figure 4.2a Cyclic Response of BS1501 Steel at 20°C 
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Figure 4.2b Cyclic Response of BS1501 Steel at -70°C. 
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Figure 4.4. Influence of prior plastic deformation on subsequent 
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Figure 4.5. Uniaxial response of BS1501 at -120°C 
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Figure 4.6. As-Received Fracture Toughness at -120°C and -70°C 
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------- -------------- - mean, CT, -120°C -- 
" SENB, B=50mm, -120°C(Bell, 1992) 
  CT, B=25mm, -120°C 
A SENB, B=50mm, -70°C 
(Smith and Garwood 1992) 
f CT, B=25mm, -70°C 
Figure 4.7. Load - Displacement trace for room temperature fracture 
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Figure 4.8. Proof Loaded Fracture Toughness Compared 
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Figure 4.10. Typical Load - Displacement History of a Repeated 
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Figure 4.11. Typical Load - Displacement Trace For a 
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Figure 4.12. Influence of Repeated Proof Loading 
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Figure 4.14. Comparison Between Edm Notched, Fatigue Precracked 
CT Specimens and SENB Toughness Data at -170°C 
90 
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40 " SENB (Smith and Garwood, 1990b) 
--s - CT, fatigue 
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30 
Figure 4.15. Fracture surface for as-recieved edm 
notched A533B showing brittle fracture initiation sites at tip 
Figure 4.16. Pure cleavage of as received specimen 
showing slip induced initiation and extensive microcracking 
Figure 4.17. Overview of crack tip area in as received condition, 
showing low number of void sites. 
Figure 4.18. Microcrack formed in as-receivud 
specimens through void coalesence prior to fracture. 
Figure 4.19. Influence of Repeated Proof Testing On 
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-*- repeated load control 
0123456 
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Figure 4.20. Low proof load specimen, fatigue precracked 
showing no blunting with pure cleavage from crack tip. 
Figure 4.21. Fracture following low proof load. 
Small number of voids with cleavage initiation sites between voids. 
H, "<wýige 
fracture surfýact- 
Figure 4.22. Higher mag. showing small voids nucleated during 
proof loading with fracture initiating between the voids. 
Figure 4.23. Overview of crack tip area showing 
low numbers of voids in low proof load specimen. 
Figure 4.24. Load - Displacement Trace of Specimen A9rpl. 
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Figure 4.25. Fatigue precracked specimen, subjected to 
repeated load control testing showing voids at crack tip 
with cleavage fracture beyond damaged zone. 
Figure 4.26. Crack tip area with small voids and cleavage sites. 
Figure 4.27. Load - Displacement Trace For Specimen A8rpd, 
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load point displacement, mm. 
Figure 4.28. Repeated displacement controlled proof loaded 
specimen showing high degree of blunting and tearing. 
Figure 4.29. Large voids nucleated within cleavage fracture area, 
fracture initiated from small inclusions. 
Figure 4.30. Initiation sites by small voids, with large voids 
not influencing fracture initiation. 
Figure 4.31. Overview of crack tip area showing large 
numbers of voids with brittle fracture 
Figure 4.32. Variation in Failure Stress Intensity With 






















0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
sub critical crack growth increment, mm 
Figure 4.33. Effect of warm prestressing on Kf, 
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Figure 4.35. Critical equivalent stress intensity factors 
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Figure 4.36. Effect of Repeated Proof Loading on Cleavage Toughness 
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Figure 5.1. Comparison Between Uniaxial Response and Isotropic Hardening 
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Figure 5.3. Kinematic hardening law illustrated in stress - strain diagram 
ßz/ay shifted yeild surface 
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Figure 5.4. Overiview of Single Edge Notch Bend Specimen Finite Element Model 
showing constraints and loading points. 
L 
Figure 5.5. Crack tip detail used in Single Edge Notch Bend 
specimens with sharp crack tip. 
Detail of crack tip of finite radius = 0.1 mm. crack tip element size=0.005mm 
LI 
Figure 5.6. Detail of SENB blunt notch crack tip showing 





x to prevent 
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Figure 5.7. Overview of Compact Tension Specimen Finite Element model 
showing constraints and loading points. 
contact surface extending to 
back face of specimen 
mnmmmnnoAAAAAAAAAAAAAAAAAAA 
Figure 5.8. Detail of crack tip area of blunt notched CT specimen. 
Figure 5.9. Plane strain, Isotropic a22 at maximum load, 
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Figure 5.10. Plane strain, Isotropic a22 at zero load, 
following unloading, compared to Neutron Diffraction (ND) Measurements 
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Figure 5.11. Comparison Between Isotropic and Kinematic 
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Figure 5.12. Comparison between Isotropic, Kinematic and ND 
residual stress distributions. 
.I 
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Figure 5.13. Plane stress, cr22 at maximum CMOD, 
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Figure 5.14. Plane stress, residual stress distributions, 
compared to neutron diffraction measured residual stresses. 
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Figure 5.16. Path independent J integrals obtained for 
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Figure 5.17. Proof load normal stress distributions 
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Figure 5.18. Plastic zones sizes at maximum preload, zero load 
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Figure 5.19. Plastic zones sizes at maximum preload, zero load 
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Figure 5.20. Comparison between residual stress states 
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Figure 5.21. As-received and warm prestressed fracture stress 
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Figure 5.22. J Integral estimates as a function of contour distance 
from crack tip showing regions of path dependence and 
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Figure 5.23. Normal stress distribution of load case B at experimental 
fracture load and at as-received fracture load, compared 
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Figure 5.24. Residual stress distributions following 
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Figure 5.25. Normalised residual stress distributions following 
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Figure 5.26. Stress distribution on reloading to fracture compared to 
critical stress distribution defined by K1c (= 47.4 MPam) 
Proof load K1 =63.2 MPam, Kf=66 MPam 
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Figure 5.27. Comparison between failure stress intensity factors 
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Figure 5.28. Kf predictions obtained using stress matching technique 
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Figure 5.29. Comparison Between Isotropic and Kinematic 
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Figure 5.31. Path independent J integrals obtained for 
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Figure 5.32. Influence of crack tip blunting on near 
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Figure 5.33. Stress distribution at maximum preload 
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Figure 5.34. Stress distribution at fracture in 
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Figure 5.35. Stress distribution obtained from blunt notched CT 
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Figure 5.36. Normalised stress distribution obtained from 
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Figure 5.37. Stress distribution obtained from 
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Figure 5.38. Detail of crack tip area of blunt notched CT specimen 
with released nodal constraint simulating sub critical 
crack extension following unloading. 
Figure 5.39. Residual normal stress distribution following 
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Figure 5.40. Fracture stress distribution of specimen 4596 
compared to the as received fracture stress distribution of a specimen 
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Figure 5.41. Fracture stress distribution of specimen 6596 
compared to the as received fracture stress distribution of a specimen 






















distance from original crack tip, r, mm. 
Figure 5.42. Finite element simulation of specimen 12596 compared to 













new crack tip following crack extension 
ý\ ýý. 
1234 5678910 20 
distance ahead of original crack tip, mm. 
; 
if. 
" as received, 
Kic=85 MPamo. 5 
--- residual stress 
fracture, Kf=104 MPamo. s 
as received, Kim 113 MPam°ý 
loý 
Figure 5.43. As received cleavage toughness distributions for 
specimens with various crack extensions increments. K, c = 85 MPa 
Im 
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Figure 5.44. Normalised as received cleavage toughness distributions for 
specimens with various crack extensions increments. Distributions 
normalised with respect to the original crack length. 

















da =0 mm 
-- da=0.3mm 
--- da= 0.7 mm 
---- da =1 mm 
........... da =2 mm 
da=3mm 
da=4 mm 
. ý. \ 
0.1 1 10 
a -da, mm 
Figure 5.45. Normalised as received cleavage toughness distributions for 
specimens with various crack extensions increments. Distributions 
normalised with respect to the original crack length, yield strength and toughness. 
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Figure 5.46. Predicted fracture stress distribution following warm prestress 
K1= 120 MPa Im and fractured with no crack growth. 
Critical stress distribution for KIc = 85 MPaým 
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Figure 5.47. Predicted fracture stress distribution following warm prestressing 
to K, = 120 MPaVm and fracture following 0.3mm sub critical crack growth 
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Figure 5.49. Predicted fracture stress distribution following warm prestress 
to K1=120 MPaqm and fracture following 0.7mm sub critical crack growth. 
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Figure 5.50. Predicted fracture stress distribution following warm prestress 
K1=120 MPa Im and fractured following 1 mm sub critical crack growth. 
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Figure 5.51. Predicted fracture stress distribution following warm prestress 
K1= 120 MPa'lm and fractured following 2mm sub critical crack growth. 
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Figure 5.52. Predicted fracture stress distribution following warm prestress 
K, = 120 MPa Im and fractured following 3mm sub critical crack growth. 
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Figure 5.53. Predicted fracture stress distribution following warm prestress 
K1=120 MPa Im and fractured following 4 mm sub critical crack growth. 
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Figure 5.54. Finite element predictions of failure following 
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Figure 5.55. Predicted fracture stress distribution following warm prestress 
K1= 120 MPaqm and fractured following 2mm sub critical crack growth. 
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Figure 5.56. Finite element predictions of failure following 
sub-critical crack growth obtained by matching the peak stress for 
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Figure 6.1. Basis of the general statistical model (after Wallin, 1991) 
e=iV2 
crac 
Figure 6.2. Implementation of HRR expression in General Statistical Model 
Figure 6.3. Cumulative Distribution Functions for As -Received Cleavage 
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Figure 6.4. Prediction of A533B WPS Cleavage Toughness Distribution 
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Figure 6.5. Chell Model, normalised by KIc for use in Statistical Analysis 
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Figure 6.6. Prediction of A533B WPS Cleavage Toughness Distribution 
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Figure 6.7. Effect of warm prestressing on cleavage 
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*note: six data points obtained from BS1501 SENB specimens fractured at -120°C; 
specimens were of same geometry as those in A533B SENB study. 
Data obtained from Bell (1995) 
Figure 6.8. A533B Steel data fractured at -170°C in the 
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Figure 6.9. A533B Steel data fractured at -100°C in the as received 
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Figure 6.10. BS1501 Steel data fractured at -120°C in the 
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Figure 6.11. Experimental as-received A533B cleavage toughness data 
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Figure 6.12. Predicted WPS cleavage toughness data 
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Figure 6.13. Experimental WPS cleavage toughness data, corrected 
and compared to Chell Model Predictions 
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Figure 6.14. Thickness correction of 6mm cleavage toughness 
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Figure 6.15. Thickness correction of 6mm thick warm prestressed 
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Figure 6.16. Finite element predictions for Kf following warm prestressing 
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Figure 6.17. Exact Chell Model compared to finite element predictions 

















o FE, Klc: -- 47.4 MPam 
FE, Kjc= 63.2 MPam 
" FE, Klc.,.: 69.6 MPam 
FE, Kjc--: 82.2 MPam 
Curry Model 
-- Chell Model 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
K, / Kic 
Figure 6.18. Warm Prestressed and as-received fracture stress 
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Figure 6.19. Curry prediction for final stress field compared to 
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Figure 6.20. Comparison between Chell model of cleavage toughness 
following warm prestressing and sub critical crack growth 













-"- Chell, Kid 85 MPa Im 
-" - Chell, Kid 60 MPaqm 
" Chell, K,, =40 MPa-lm 
-ý- FE, Klc= 85 MPa 
1m 
-e- FE, Klc = 60 MPa 
im 
a" FE, Klc= 40 MPaIm 
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 
Aa, mm 
Figure 6.21. Finite element predictions of failure following 
sub-critical crack growth obtained by matching far field stress 
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